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Abstract
The performance of future fusion devices depends on the triple product of plasma density, temper-
ature and confinement time. The high confinement mode (H-mode) regime is the foreseen scenario
for ITER. It is characterized by a transport barrier causing steep gradients in the edge kinetic
profiles, which increases the energy and particle confinement time by a factor of two in comparison
to the low confinement mode (L-mode). Particularly, the change of particle transport throughout
and after the transition from L-mode to H-mode (L-H transition) is of great interest.
At the medium-sized tokamak ASDEX Upgrade, the lithium beam emission spectroscopy (Li-
BES) is routinely used to measure edge electron density profiles. It is based on the reconstruction
of electron density profiles from the Li I emission profile due to electron impact excitation of an
injected neutral lithium beam. To characterize the temporal behavior of the plasma edge density
during and after the L-H transition, significant improvements of the diagnostic have been finalized
during this PhD thesis, e.g. a new chopping system, new data acquisition system and a new optical
observation system with a refurbished photomultiplier system (∼ 100 times more photon yield).
The upgraded Li-BES system allowed the plasma edge density to be studied throughout and
after the L-H transition. It was found that the H-mode density saturates at a level, which correlates
with the neutral gas density in the divertor prior to the L-H transition. Although the density build-
up varies with the available deuterium inventory, the initial increase in the edge density gradient
is similar. This indicates that for the analyzed H-mode phases, the edge transport barrier (ETB)
in particle transport evolves similarly. The particle transport analysis of the density build-up after
the L-H transition showed that it is well reproduced by assuming only a diffusive ETB with reduced
diffusion coefficient at the edge. A strong inward directed convective velocity (edge pinch), which
fully replaces the diffusive ETB, could be excluded. An additional edge pinch to diffusive ETB
could not be excluded. Due to high uncertainties in the neutral source, it was not possible to
determine the exact value of such a pinch, but an upper limit was determined by setting the source
to zero.
Not only the dynamics of the L-H transition, but also the dynamics of the H-L transition could
be investigated because of the enhancements of the Li-BES diagnostics. The analysis of electron
density and temperature profiles during the L-H and H-L transitions indicates that both occur at
similar edge pressures within the analyzed density range. This might be related to a critical electric
field induced shearing rate for both directions. Furthermore, it indicates that the hysteresis of the
L-H and H-L cycle might be not a feature of the edge condition.
The new improvements of the Li-BES system enabled us not only to evaluate electron density
profiles, but also density fluctuations. These studies showed that the Li-BES system is well suited to
characterize density fluctuation measurements in the scrape off layer (SOL), whereas its sensitivity
and reliability decrease towards the plasma core. This could be shown by a sensitivity study and




Die Effizienz von zuku¨nftigen Fusionskraftwerken ha¨ngt vom Produkt aus Plasmadichte, -temperatur
und Einschlusszeit ab. Die H-mode (lange Einschlusszeit) ist das vorgesehene Szenario fu¨r ITER.
Die H-mode zeichnet sich, aufgrund einer Transportbarriere durch steile Gradienten in den kine-
tischen Profilen am Plasmarand aus. Im Vergleich zur L-mode (kurze Einschlusszeit) erho¨ht diese
Transportbarriere die Energie- und Teilcheneinschlusszeit um einen Faktor 2. Besonders interessant
ist die A¨nderung des Teilchentransportes wa¨hrend des U¨berganges von L-mode zu H-mode (L-H
U¨bergang).
Am ASDEX Upgrade Tokamak wird routinema¨ßig die Lithiumstrahlemissionsspektroskopie (Li-
BES) verwendet um die Elektronendichte in der Plasmarandschicht zu bestimmen. Das Elektro-
nendichteprofil wird aus der Emission entlang des Strahles berechnet, welche durch Sto¨ße der
Plasmateilchen mit den Atomen des Lithiumstrahles verursacht wird. Um die zeitliche Entwick-
lung der Plasmaranddichte mit hoher zeitlicher Auflo¨sung zu untersuchen, wurde die Lithium-
strahldiagnostik im Laufe der Doktorarbeit signifikant verbessert. Unter anderem wurde ein neues
Chopper-System, ein neues Daten Akquisition System und ein neues optisches System inklusive
eines Photomultipliersystems fertiggestellt.
Das verbesserte Li-BES System ermo¨glichte eine genaue Studie der Plasmaranddichte wa¨hrend
und nach dem L-H U¨bergang. Es wurde festgestellt, dass die saturierte Randdichte nach dem L-H
U¨bergang mit der vor dem U¨bergang vorhandenen Neutralgasdichte im Divertor korreliert. Ob-
wohl der Dichteaufbau nach dem L-H U¨bergang mit dem vorhanden Neutralgasreservoir variiert,
ist die anfa¨ngliche Entwicklung des Dichtegradienten am Rand gleich. Dies deutet darauf hin, dass
die Formierung der Randtransportbarriere in den analysierten H-mode Phasen a¨hnlich ist. Eine
Teilchentransportstudie zeigte, dass der Dichteaufbau mit der Annahme einer rein diffusiven Trans-
portbarriere gut reproduzierbar ist. Weiters war es nicht mo¨glich diese diffusive Transportbarriere
mit einer in Richtung Plasma gerichteten Konvektion (Pinch) zu ersetzen. Eine Kombination aus
diffusiver Transportbarriere und Pinch konnte nicht ausgeschlossen werden. Aufgrund der hohen
Unsicherheit der Teilchenquelle, konnte der exakte Wert fu¨r einen solchen Pinch nicht ermittelt wer-
den. Aber es konnte mit der Annahme, dass die Teilchenquelle null ist, eine Obergrenze bestimmt
werden.
Aufgrund der Verbesserungen der Li-BES Diagnostik, konnte nicht nur die Dynamik wa¨hrend
des L-H U¨berganges untersucht werden, sondern auch die Dynamik wa¨hrend des H-L U¨berganges.
Die Analyse der Elektronenranddichte und -temperatur ergab, dass beide U¨berga¨nge bei a¨hnlichem
Randdruck erfolgen. Dies deutet darauf hin, dass der durch das radiale elektrische Feld induzierte
Scherfluss bei beiden U¨berga¨ngen eine Rolle spielt. Weiters ist es ein Hinweis, dass es keine oder
eine kleine Hysterese des L-H und H-L Zyklus in den kinetische Daten gibt.
Die Aufru¨stung der Li-BES Diagnostik ermo¨glichte weiters die Messung von Dichtefluktuatio-
nen. Studien zeigten, dass das Li-BES System sehr geeignet ist um Dichtefluktuationen in der
Abscha¨lschicht zu charakterisieren. Aufgrund der Strahlabschwa¨chung nimmt die Sensitivita¨t und
Zuverla¨ssigkeit in Richtung des Plasmas ab. Dies wurde mit einer Sensitivita¨tsstudie und in einem
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The world wide increase in power consumption requires new ways of energy production. One
possible future energy source is fusion energy. Fusion energy is released, e.g.in the sun, when nuclei
of light elements combine to form heavier elements. To realize fusion, one has to heat up the light
elements until their velocity is high enough to overcome the Coulomb barrier. At such temperatures
the gas is fully ionized, a state, which is called plasma. Although the plasma particles have this
high velocity, the probability for an elastic collision is still higher than for a fusion process. On
average the nuclei have to collide about 50 times until their fuse. This requires high temperature and
density and/or a relatively long confined plasma. One approach to achieve a sufficient confinement is
magnetic confinement. The highest developed concept is the tokamak concept. The world’s largest
fusion device, called Latin for ”the way” (ITER), is a tokamak and currently under construction.
The primary goal of ITER is to demonstrate the possibility of magnetic confinement fusion as a
new energy source at large scales [1].
1.1 Tokamak concept
A tokamak is a toroidal plasma magnetic confinement system. Figure 1.1(left) shows the concept
of a tokamak. The tokamak consists of a toroidal field, produced by external coils (blue coils in
figure 1.1(left)). A toroidal field alone and the resulting drifts would result in an unstable plasma
configuration. Therefore, a poloidal field (green arrows in figure 1.1(left)) is added to twist the
magnetic field. In a tokamak, the poloidal field is generated by a toroidally directed ohmic current.
A large primary circuit in the center produces the required ohmic current (green coils in figure
1.1(left)). The combination of a poloidal and a toroidal field results in a helical trajectory and
spins the particles around the tokamak.
The required toroidal ohmic current is inductively induced, which does not allow a steady
state operation. Only pulse-like discharges are possible, which limits the duration of the plasma
discharge. The plasma current is also used to heat the plasma, referred as ohmic heating (OH). OH
power decreases with increasing temperature and therefore, additional heating systems are needed
to achieve fusion relevant temperatures.
In 1982, the so-called high confinement mode (H-mode) regime was discovered [3] in a so-called
divertor plasma (figure 1.1(right)) in the ASDEX tokamak. The H-mode is achieved, when the
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1.1. Tokamak concept 1. INTRODUCTION
Figure 1.1: (left) The main structure of a tokamak with the toroidal coils and the winding
magnetic field lines. (right) Poloidal cross-section of a tokamak divertor plasma. The
divertor and the corresponding target plates are usually at the bottom of the tokamak.
At the separatrix the geometry transits from the closed field line to the open field line
geometry. Figures are adapted from [2].
applied heating power exceeds a certain power threshold. The H-mode is characterized by an edge
transport barrier (ETB) in particle and energy transport [4]. This ETB leads to steep gradients
in the edge density and temperature profile, which increases the density and temperature near the
edge, as well as in the core [5]. The higher densities and temperatures are due to higher energy
and particle confinement. Hence, this plasma operational regime is called H-mode, whereas plasma
conditions with lower confinement are referred to as low confinement mode (L-mode).
Figure 1.2 shows electron temperature (left), electron density (middle) and electron pressure
profiles (right) during L- and H-mode. One can clearly see that the H-mode is accompanied by
steep gradients of temperature and density in the edge and that the core values are set by the edge.
This edge region with its steep gradients is also called pedestal.
Figure 1.2: Kinetic profiles during L-mode (1.5 - 1.6 s) and H-mode (2.0 - 2.1 s) in dis-
charge #17741. (left) Electron temperature profiles, (middle) electron density and (right)
electron pressure profiles during L- and H-mode. The core values are set by the edge values.
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The goal of ITER is to achieve a ratio between input and fusion power of about 10 (Q = 10)
[1]. This requires a sufficiently high core density and temperature, which is only achievable in
H-mode. Hence, the access to H-mode in ITER will be critical and it is not certain, whether the
foreseen heating power will be sufficient to achieve H-mode. To get more accurate predictions
for the transition from L-mode to H-mode, the transport and the physics in the H-mode and the
pedestal region have to be investigated. Therefore, the H-mode phenomenon is studied in current
devices to be able to extrapolate to future fusion devices. But after more than 30 years of research,
the physics behind the H-mode transition and its pedestal region is still an open issue [6].
1.2 ASDEX Upgrade
The axial symmetric divertor experiment upgrade (ASDEX Upgrade) is a medium sized (major
radius R = 1.65 m, minor radius r = 0.5 m) tokamak experiment and is located in Garching near
Munich in Germany. It was designed to develop a reactor-compatible open divertor configuration,
like ITER. In ASDEX, the parent tokamak of ASDEX Upgrade, the H-mode was observed for
the first time [3]. The divertor configuration enables a much easier access to H-mode. The goal of
ASDEX Upgrade is to give physics input to critical elements of the ITER design and the preparation
of ITER operation [7]. It has an ITER like configuration with an elongated cross-section, flexible
shaping capability. The heating system is versatile and has a total power of up to 28MW. Therefore,
it is very suitable to study ITER relevant plasmas. In ASDEX Upgrade, the pedestal width
amounts to about 1.5 cm [8]. This makes the investigation and characterization of the pedestal
very challenging. Furthermore, the transition to H-mode and other transient edge events take place
on a sub-millisecond timescale. This requires edge diagnostics with a high temporal as well as a
high spatial resolution.
1.3 Objectives of this thesis
The goal of this thesis was to investigate the plasma edge of ASDEX Upgrade, with emphasis on
the edge electron density, throughout the L-H transition and the back transition (H-L). For this
investigation, high requirements to the diagnostics of kinetic data were needed to characterize the
plasma edge. The lithium beam diagnostic at ASDEX Upgrade is one key diagnostic to measure
electron density profiles at the plasma edge. To get a further insight into the L-H transition
phenomena and the following pedestal development, improvements of the lithium beam diagnostic
were necessary. The following enhancements of the diagnostic were foreseen at the beginning of
this work:
• Higher temporal resolution by increasing the sampling rate
• Better background subtraction by improving the chopping system
• Higher accuracy due to enhanced photon statistics by installing a new optical system
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It was also intended to investigate the profile development throughout the L-H and H-L tran-
sition and to analyze plasma edge conditions at the L-H and H-L transition. Moreover, accurate
measurements of the plasma density allows particle transport analysis of the density build-up to be
conducted. The aim of these studies was to identify the role of convective and diffusive transport
during the density development after the L-H transition.
The lithium beam diagnostic is also capable to measure electron density fluctuations. Another
goal of this thesis therefore was to establish density fluctuations measurements using the lithium
beam diagnostic at ASDEX Upgrade by comparing with other diagnostics.
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Chapter 2
Transport and H-mode regime
In this chapter, the cross-field transport in a toroidal fusion plasma will briefly be discussed.
Furthermore, earlier observations and possible theories connected to the H-mode regime will be
reviewed. But one should always keep in mind that, up to now, there is no model, which can
self-consistently explain the transition to the H-mode regime.
2.1 Transport in toroidal fusion plasmas
The transport in fusion devices, e.g. tokamaks, is highly turbulent. The values from the collisional
transport theory are about orders of magnitude lower than the measured ones. Even more devel-
oped theories, which include the Pfirsch-Schlu¨ter and banana regime transport, underestimate the
observed transport. One of the greatest challenges of theoretical tokamak physics is to explain this
turbulent transport [9]. The additional turbulent transport is generally attributed to the impact
of turbulent fluctuations. Turbulence can be driven by various sources, i.e. velocity shearing, fast
particles, but in fusion confinement devices the main sources of free energy are the radial gradients
in plasma density, temperature and pressure [10, 11].
Theory predicts that tokamak configurations are unstable to various linear modes, i.e drift
waves (DW), ion temperature gradient (ITG), electron temperature gradient (ETG) and trapped
electron modes (TEM). These modes grow and lead to fully developed broadband turbulence
via non-linear three-wave processes [12]. These various modes differ in particular by their typical
scale length ( λ2pi ): the ITG mode has a typical scale length longer than the ion Larmor radius
ρi
1 ( λ2pi > ρi), the TEM also of the order ρi, and the ETG mode occurs at electron scale lengths
λ
2pi << ρi. Although theories of linear instabilities are well developed, one should be cautious with
its characterization and interpretation, especially in the plasma edge. The fluctuations in the edge
turbulence in magnetically confined plasmas are robustly non-linear [13]. Therefore, one cannot
simply correlate fluctuation observations with linear instabilities, even if computations support the
argument. Not the initial linear instability allows us to identify the modes, but the regime of
non-linear energy transfer does [13].
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closed flux surface (LCFS), which is also called separatrix (shown in figure 1.1(right)). In the
confined plasma all flux surfaces are closed. At the LCFS or separatrix the geometry transits from
the closed field line to the open field line geometry and the particles are mainly transported either
to the divertor or the first wall. Due to the change of the field line geometry in the SOL the nature
of the turbulence changes and becomes intermittent. Intermittent events, i.e. blobs, are coherent,
long-lived filamentary structures that exist within the turbulence. In the SOL the most important
transport mechanisms are driven by curvature effects [14].
For the evolution of blobs in the SOL it is important to understand that the plasma in the SOL
is not confined, but it is streaming off along magnetic field lines towards the divertor target plates
or limiter surface. Plasma parameters thus change drastically along as well as across magnetic field
lines, opposite to the confined region.
2.2 Transport modeling of the confined region (ASTRA)
Fusion plasmas can be treated in the framework of magnetohydrodynamics (MHD). MHD describes
the dynamics of electrically conducting fluids. It is based on the fact that a magnetic field can
induce currents in a moving conductive fluid, which can create forces on the fluid and also can act
on the magnetic field itself. The equation set of the MHD is a combination of the Navier-Stokes
equations from the fluid dynamics and the Maxwell Equations from the electrodynamics. The
MHD equation can be derived by calculating the different moments of the kinetic equation (called
Vlasov-, Boltzmann- or Fokker-Planck-equation depending on the choice the collision term) and
for example the usage of the zero-moment yields the continuity equation:
∂nα
∂t
+∇ · (nα~uα) = 0 (2.1)
where ~uα is the mass center velocity and nα the density of each species α.
One code to model the plasma core is the automated system for transport analysis (ASTRA). It
is based on the MHD equations for the plasma current and the magnetic field. It also calculates the
transport equations for energy and particle transport [15]. To account for poloidal flux coordinates
it is also able to solve the Grad-Shafranov equilibrium equation.
ASTRA is a 1.5D dimensional fluid code, which means that the 2D geometry of the flux sur-
faces is taken into account, but the flux-surface-averaged quantity is described by a 1D approach
(perpendicular to the magnetic field). The transport in a tokamak is simulated by solving the
1D drift-diffusion equations for the electron density, electron- and ion temperature and current
density [15]. The basic equations for ASTRA are written in [15] (equation (60)). Since it does not
include SOL physics, boundary conditions for the density, temperatures and current density have
to be set. Various modules like additional heating, current drive and neutral gas distribution are
implemented and can be used in the simulation. More information about ASTRA can be found in
the manual [15].
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2.3 The H-mode regime and the L-H transition
Transport in tokamaks mainly consists of neoclassical and turbulent transport. The dominating
part is the turbulent transport. It is widely accepted and often shown that the edge turbulence
in H-mode is reduced in a narrow region of 1 − 2 cm [8, 16]. This results in a reduction of
turbulent transport and in a formation of an ETB in energy and particle transport, which leads to
a steepening of the gradients in temperature, density and therefore, pressure at the plasma edge.
The increased edge pressure, which characterizes the H-mode, leads to an increase of the stored
energy and confinement time τE . The plasma transits into H-mode, when additional heating power
is applied and its value exceeds a critical power threshold PLH value. In a turbulent system, like
a tokamak plasma, the addition of further heating power increases the level of turbulence. This
results in a decrease of confinement, which is known as power degradation in L-mode. But at the
L-H transition, the turbulence reduces in the edge and the confinement increases by a factor of 2.
But, how the turbulence is suppressed is still unclear. Possible models for the L-H transition will
be elucidated in section 2.3.2.
2.3.1 L-H power threshold and its dependences
The L-H transition occurs abruptly, when a critical heating power, referred to as L-H power thresh-
old PLH , is reached. The identification of critical parameters for the L-H transition is an important
issue for future devices. Empirically, it was found that PLH [6]:
• is reduced with separatrix instead of limiter operation.
• of hydrogen plasmas is higher than of deuterium and helium plasmas
• is lower in single-null plasmas with the favorable drift direction, ion grad B-drift direction
towards instead of away from the active X-point
One would also expect that the power threshold increases with density and for lower densities
less heating power is required. But, several devices indicate the existence of a minimum in the
density dependence ne,min of PLH [17, 18, 19]. In ASDEX Upgrade, for instance, an increasing
PLH with decreasing density at line averaged densities below 4.0 × 1019 m−3 is observed, which
results in a minimum of PLH (figure 2.1). Devices with a relatively low magnetic field show a
threshold minimum at low edge density, e.g. PLH,JET ∼ 0.1 × 1020 m−3 at BT = 2.4 − 2.6 T
[18]. But on the other hand, a high magnetic field device like Alcator C-Mod shows a minimum at
0.8 − 1.0 × 1020 m−3 (|BT | = 3.5 − 5.4 T) [20, 19]. This could be an issue for ITER, since it will
operate at high magnetic field and the H-mode access at low densities might be a problem [21].
To investigate the universality of the L-H transition, an international H-mode threshold database
has been built over the last decades, which collects data from the widest possible range of tokamaks
and provides a frame for statistical analyses of the L-H threshold. It is an important tool for the
prediction of PLH of future devices. The most recent scaling for the L-H power threshold, which
only includes densities above the density minimum (ne > ne,min) and deuterium single-null plasma
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Figure 2.1: The L-H power threshold versus the line averaged core density is shown. In
ASDEX Upgrade the minimum of PLH occurs at a line averaged density of 4× 1019 m−3
(|BT | = 2.3 T). Figure is adapted from [17].
with the ion grad B-drift direction towards the active X-point , reads [21]






where PLH is expressed in MW, ne20 the line average electron density in 10
20 m−3, BT the magnetic
field in T and S the plasma surface area in m2. One can clearly identify that the power threshold
depends on the density, magnetic field and size in terms of plasma surface. Interestingly, no
dependence on the plasma current Ip is seen. The scaling exhibits a monotonic increase of PLH
with density. Furthermore, the scalings do not include all relevant parameters, which means that
other dependences are not considered.
Considering all the dependences one can imagine that the L-H transition is a very complicated
phenomenon with many inter-connected dependences.
2.3.2 Models for the L-H transition
A model should satisfy all experimental findings listed in the previous section. In the following,
a short review of a few models of the L-H transition is presented. A more comprehensive review
paper is given by Connor and Wilson [22] and a summary of a quarter century of H-mode research
can be found in [6].
Analytic transition types
The L-H transition can be induced by increasing the heating power accompanied by an increase
in edge heat flux (q). After the L-H transition, the edge temperature gradient (∇Te) increases.
Analytic transition models try to find an analytical relation between q and ∇Te, or particle flux
Γ and density gradient ∇n. In principle, there are two types of analytic transition models to
describe: single-step and two-step models. The two-step model describes a flow, which is based
on a non-linear variation of the neoclassical poloidal flow damping with flow speed [23]. Then, in
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the second step turbulence suppression, profile steepening and the increased confinement occur.
In the singe-step transition a separation of the flow generation and turbulence suppression cannot
be done. Both mechanism occur simultaneously. Furthermore, the single-step transition can be
separated into first-order (”soft”) and second-order (”hard”) transitions. The type of the single-
step transition depends on the relation between the gradient and the flux [24]. In the first-order
transition, the solution of the particle Γ and the heat flux q remains monotonic but undergoes a
change of slope (figure 2.2(b)) [22]. In the second order transition (figure 2.2(a)), Γ and q increase
with the gradients until multivalued solutions can occur. Then, two states for Γ and q at the
same gradients can exist, which is called bifurcation. In such transitions limit cycle oscillations can
occur, which we refer to as intermediate phase (I-phase) (see section 2.3.4). When introducing an
additional parameter, like the viscosity or neutral gas density, a so-called cusp-type bifurcation can
occur. This means that for example with increasing neutral gas density the transition type can
change from ”hard” to ”soft” (figure 2.2(c)).
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Figure 8. Bifurcation diagrams: (a) a ‘hard’ transition in particle flux, 0, and heat flux, qr , radial
electric field, Er , and fluctuation level, n˜, as functions of the ‘order’ parameters, i.e. the density
and temperature gradients,  rn or  rT ; in this case quantities exhibit multiple values; (b) as in
(a), but a ‘soft’ transition; in this case quantities are non-monotonic but single-valued; and (c) a
cusp-type bifurcation surface can be obtained when an additional ‘control’ parameter, such as the
neutral density, n0, or viscosity, µ?, is introduced: a change from a state with large flux, A, to one
with low flux, B, can occur by a route involving a hard or a soft transition (see p 248 in [37]).
✏ = a/R. The coefficients Dˆ and ⇠lc can be affected by the electric field gradients as discussed
in [34]. From (2.41)–(2.44) one sees that the flux has a nonlinear dependence on the radial
electric field.
Combining various terms, a variety of bifurcations can be predicted. The first bifurcation
model was made by balancing 0anome i and 0lci [69]; another model balances 0lci and 0bvi [68];
while a third 0bvi and 0vrvi [70].
The simplest models for the bifurcation physics are local in radius; however, one can
introduce effects to determine the radial structure of the bifurcation layer. If the bifurcation
in Er arises from V✓ , then one can expect the layer width 1 to be given by a combination of
the width over which the nonlinear drives in (2.41) exist, say ⇢pi for ion-orbit loss, and that set
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Figure 2.2: (a) ”Hard” transition (second order transition), (b) ”soft” transition (first
order transition) and (c) a cusp-type bifurcation surface can be obtained when an additional
”control” parameter, such as viscosity ν, is introduced. Figures are adapted from [22].
Models involving MHD
This class of models assumes that the L-mo and its tra sport is ominated by variou unstable
modes, like ideal ballooning, resistive ballooning, tearing and peeling mode. This results in an
enhancement of magnetic fluctuations, which raises the thermal diffusivity. The increase in heating
power changes various plasma parameters until a critical value is achieved and the mode becomes
stable. Then, the responsible modes disappear and the edge confinement improves. For example,
it is proposed by Rogers, Drake and Zeiler that the suppression of the resistive-ballooning mode
turbulence is responsible for the L-H transition. This model is based on the stabilization of the
resistive-ballooning mode turbulence by two critical parameters: the MHD ballooning parameter
αMHD
2 and the diamagnetic parameter αdia
3. A comparison between this model and the experimen-
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of MHD modes, would be beyond the scope of this introduction, therefore, we refer to section 3 in
[22], where the most reasonable ones are summarized.
Models involving radial electric field and flow shearing
The role of the radial electric field in the transition was first theoretically predicted in [25]. The
main drive for the radial electric field is produced by the diamagnetic force of the main ions. The
gradient in the radial electric field generates a flow shear by v⊥ = E × B/B2. This flow shear
leads to a bifurcation in particle flux and convective energy loss, which causes the H-mode. In
[26], it was first proposed that a sufficiently strong shear of the radial electric field tears apart the
turbulent eddies and thus reduces turbulent transport. Nowadays, it is widely accepted that this
paradigm is responsible for turbulence reduction. Experimental studies on Er, measured by charge
exchange recombination spectroscopy (CXRS), also suggested that the radial electric field plays a
key role during the L-H transition [27, 28]. In these studies Er was measured spectroscopically
from the radial force balance. Further measurements in ASDEX Upgrade of the Er using Doppler
Reflectometry underlined this hypothesis [29]. Recent studies in ASDEX Upgrade also underlined
the possible key role of Er in the L-H threshold [30]. The Er profiles were calculated using only
ion temperature profiles, density profiles and the neoclassical formula from [31]. It was observed
within the experimental dataset that the L-H transition occurred at the same minimum of the radial
electric field over a wide density range (at constant plasma current and toroidal magnetic field).
Furthermore, these experiments also point towards the fact that the strong increase of the PLH at
the low density branch is mainly caused by the decoupling of the electron and ion heat channel.
The results of these experiments indicate that: (i) the density minimum is due to decoupling of
ions and electrons, (ii) the ion channel plays the key role and (iii) a minimum mean shear flow is
necessary to sustain the H-mode.
2.3.3 Turbulence suppression
First measurements of electron density fluctuations throughout the L-H transition indicated an
immediate suppression of the turbulence [16]. Consequently, the drop in turbulence level induces a
reduction of turbulent transport, which then lowers the cross-field transport. Afterwards, Biglari,
Diamond and Terry formulated a criterion for turbulence suppression via shear flow [26]. This
hypothesis was then supported by gyro kinetics simulations in [32]. But how the turbulence and
which kind of turbulence is suppressed, is still unknown. At the moment two principles for turbu-
lence reduction via shear flow are under discussion: eddy breaking [23] and straining out of eddies
[33].
The idea of the eddy breaking is that a sufficiently large shear tilts the eddies until they break
apart. Thus, a large eddy would split into two smaller, equally sized, eddies. This de-correlation
of eddies leads to smaller sized eddies and hence, smaller radial turbulent scale lengths. As the
turbulent transport is set by the radial turbulent scale length, a reduction of turbulent transport
is the consequence. Eddy breaking has only been observed once using gas puff imaging [35]. But
the picture of eddy breaking bears one difficulty: During the de-correlation mechanism one eddy is
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Figure 3. Sketches of the effect of zonal flows on turbulence. Left: the decorrelation mechanism
where larger eddies split up. Right: the straining-out mechanism where smaller eddies are taken
over by the zonal flow (adapted from [60]).
If strong enough, a shear flow can also decorrelate the turbulent eddies and thus lead to
a reduction of the radial turbulent scale length and, hence, of turbulent transport [5]. The
decorrelation mechanism, which is sketched on the left-hand side of figure 3, could explain
the development of transport barriers. But it also entails some difficulties with respect to
an interpretation in terms of turbulent energy transfer. While the main interaction between
turbulence and zonal flows seems to be related to the non-local inverse energy cascade, the
decorrelation mechanism resembles more a local direct cascade. In addition, the decorrelation
process does not remove energy from the microturbulence and thus does not contribute to
zonal-flow drive. Furthermore, although there exist some observations of a tilting of large-
scale eddies on linear devices [69–71] and the toroidal TORPEX experiment [72, 73], the
breaking-up of eddies is not observed even in an experiment with externally driven strong
shear flow [74, 75].
As discussed in section 3 and illustrated on the right-hand side of figure 3, an alternative
mechanism for turbulent transport reduction is that larger shear flows lead to a strong elongation
of smaller eddies which are finally destroyed by a straining-out process. This process was
observed in neutral fluids [63, 64] and in the toroidal low-temperature plasma of the TJ-
K stellarator [60]. During the straining-out process, the entire energy of the eddy can be
transferred to the zonal flow and is thus removed from the fluctuations which drive turbulent
transport. This process is much more efficient for turbulence reduction than the decorrelation
process. In addition, it is directly related to the generation process of the zonal flows itself and
it is consistent with the non-local energy transfer discussed above.
The described process can be expected to work more efficiently in low-collisionality
plasmas where the coupling between potential and density perturbations is adiabatic. A shear
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Figure 2.3: (left) Eddy breaking is illustrated. (right) The straining out process is
sketched. Figures are adapted from [34].
split in two equally sized ones and thus, causes a local (k-space) direct cascade. But this has not
been observed [33].
In contrast, recent experiments [34] suggest an alternative mechanism for turbulent transport
reduction. The idea i that the eddi s are tilte and stretched by the shear flow, but they do not
break apart. This stretching leads to a reduction of the radial correlation length and elongates
the eddies. Because of vorticity conservation in 2D turbulence, the stretching reduces the eddy
velocity. The velocity is also redirected such that it can contribute to a large strain, like zonal flow.
Therefore, an energy transfer from eddy to the zonal flow is possible. One argument, which supports
the straining-out theory is that th energy transfer from large scale to small scale turbulence occurs
non-locally as predicted for 2D turbulenc [36] an large scale turbulence is not transferred to a
neighboring scales. It is observed that large scale turbulence is not tr nsferred to single scale, but
to a range of different scales. Furthermore, experiments in TJ-II [37] showed that the turbulence
suppression throughout the L-H transition occurs across various scales. A decorrelation would result
in a redistribution of the k-spectra, so low-k turbulence would be reduced and high-k turbulence
would be enhanced. This was not observed [37]. But one should keep in mind that these results
were observed in small stellerators, which have collisionalities similar to a tokamak edge plasma.
The situation might be different in other devices.
2.3.4 I-phase and predator-prey concept
In the previous section, we discussed the impact of E × B flows on turbulence. But it is also
possible that turbulence excites flows (zonal flows) via Reynolds stress [33]. Therefore, a large level
of turbulence can drive flows. On the other hand, this increase in flow can reduce the turbulence,
which then removes the drive of the flows. This complicated interplay between two competing
processes can lead to an oscillatory state. This interplay can be mathematically described by a
predator-prey system, where the turbulence is the prey and the E×B flow, zonal flow shear are the
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predators. This oscillation or dithering, also referred to as I-phase, occurs, when a heating power
close to the L-H power threshold, is applied. This oscillatory state can also be described by the
second-order phase transition of the analytic model.
One picture of the L-H transition is that the zonal flow shear might - in addition to the E×B
background flow shear - give the plasma the final impulse and triggers the transition into H-mode.
Consequently, this edge pressure gradient steepens, which then increases the drive of the E × B
shear and so on. After this self-driving bootstrap process, a sustained H-mode is achieved. Recent
experiments in DIII-D underline this mechanism [38]. In ASDEX Upgrade these I-phases are mainly
observed at low densities (< 5× 1019m−3) [39].
2.3.5 Hysteresis between L-H and H-L
A sustained H-mode requires a certain amount of heating power. Early experiments indicated the
presence of a hysteresis, which means that the L-H power threshold (PLH) is higher than the H-L
power threshold (at the same density). This implies one difficulty. The density at the L-H transition
can be easily controlled, whereas the density development prior to the H-L transition is difficult
to control. Furthermore, the occurrence of edge localized modes (ELMs) also leads to a sudden
drop of pressure. Thus, the L-H and H-L transition of the same H-mode phase rarely occur at the
same density. In most cases, the density at the H-L transition is higher than at the L-H transition.
In ITER, the presence of a hysteresis will be an important issue. After the L-H transition, the
density increases and this increase could result in a back-transition to L-mode. In the nuclear phase
it is assumed, especially in the D-T phase, that the alpha-heating power is sufficiently strong to
maintain the H-mode. But in the non-nuclear and D-D phase a sustained H-mode (if accessible)
relies on the fact that twice the power is required to access the H-mode than is needed to remain
there [40, 41]. After the first observation of a hysteresis [42], experiments in the Joint European
Tokamak (JET) and ASDEX Upgrade [43] questioned the extent and universality of this hysteresis.
But on the other hand it is often observed that less power is required to sustain the H-mode than
to access it. But wether the hysteresis effect amounts to a factor of 2 is questionable. Additionally,
it is sometimes observed that the hysteresis is related to the H-mode confinement quality [22].
The prediction of a hysteresis differs from theory to theory. In theories, where a critical edge
parameter determines the transitions, the presence of a hysteresis is not obvious. This would
support the idea that the observed hysteresis originates from a change in confinement time (τE).
Theories involving MHD modes (section 2.3.2) also exhibit a hysteresis. Once the mode has been
stabilized, the responsible parameter, e.g. αdia, can remain above the critical value with less power.
In summary, measurements and predictions from theory for a hysteresis are not clearly evident.
The presence and universality of a hysteresis are still under discussion.
2.4 Pedestal and its development
In the previous sections, the L-H transition and the accompanied ETB were discussed. After the L-
H transition, the pedestal develops and its gradients increase up to a critical edge pressure gradient,
where the first ELM occurs. Whereas a lot of effort was given in explaining the L-H transition itself,
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less attention was paid to the subsequent formation of the ETB and the pedestal. But how the
pedestal develops, is still an open issue. The following questions, among others, are still unresolved:
(i) Is the maximum gradient constant and does the pedestal width expand throughout the evolution
from the L-H transition until the first ELM? (ii) Or is the pedestal width constant and the pedestal
gradient increases? (iii) Can the ETB, especially in particle transport, be described by a reduction
of the diffusion coefficient D in diffusive transport or does inward convection play a role?
It is not clear if one can relate the pedestal width to the ETB width. For example, the density
pedestal is influenced by a local neutral source at the edge, which means that the edge profile shape
is not solely influenced by transport. Therefore, it was also observed that the pedestal width of
temperature and density behaves differently [8]. Therefore, pedestal width studies in steady state
conditions are already challenging and even more challenging are studies of transient phenomena
[8]. Nevertheless, temporal development studies of the pedestal width can provide useful insight
into the physics of the pedestal structure [44].
Only a few time-dependent models describing the ETB exist. One model from Diamond [45]
couples fluctuation intensity, poloidal flow shear and pressure analytically. It is an extension of
the phase transition model (section 2.3.2) to include spatial coupling physics. However, the model
predicts two types for the formation of an ETB: the depth of the barrier in the edge (barrier in
diffusive transport) continuously increases up to its final value or the depth of the barrier is constant
and the barrier front propagates inwards. Ion gyro-radius models predict that the pedestal width is
related to the ion temperature [46, 24]. These models predict that the pedestal width increases with
the square root of the ion temperature. As mentioned before, also the neutral penetration length,
the source, might play a role. The analytic neutral model for the pedestal density profile assumes
a strong inter-connection between the transport of ions, electrons and neutrals [47]. This model
predicts that the density width decreases with increasing pedestal density. It is most likely that
the pedestal width is not set by one mechanism. A combination of turbulent correlation length,
ion poloidal gyro radius and in the case of density, also by the neutral penetration depth is more
likely. All these parameters change throughout the evolution, therefore, it is rather challenging to
disentangle the various effects.
2.5 ELMs and their characterization
One feature of the H-mode are periodic burst-like releases of particles and energy from the pedestal
toward the divertor and/or first walls [48]. This phenomenon is called edge localized mode (ELM).
This sudden occurring instability leads to an energy and particle exhaust resulting in a flattening of
the electron density and temperature profile. Then, the released particles are transported towards
the first wall and the divertor, where the resulting power flux can be easily detected. Therefore,
the divertor radiation or currents are often used to identify ELMs. After the crash, the pedestal
recovers until the next crash occurs and this periodic behavior is called ELM-cycle. The sudden
particle loss of an ELM exhaust can stress or even erode the first wall material leading to damage or
an increased impurity flux into the confined plasma. But, ELMs also flush out the impurities, which
reduces the impurity content and decreases impurity radiation. Therefore, control and mitigation of
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ELMs is a important topic. After years of H-mode research, several types of ELMs were discovered.
In the following, the various types are described [49]:
Type-I
Type-I ELMs are the biggest. The peak power load of such ELMs could exceed the tolerable
limits of first wall materials of future generations of reactors like ITER. The energy of such an
ELM can be about 5− 10 % of the pedestal energy. The defining feature of the type-I ELMs
is that the ELM frequency increases with increasing heating power. Type-I ELMs always
appear close to a certain pressure gradient limit and therefore, it is assumed that type-I
ELMs are ideal MHD instabilities [50]. The most prominent theory is the peeling-ballooning
theory predicting that the peeling-ballooning mode [51] destabilizes at a certain edge pressure
gradient and edge current.
Type-II
These ELMs are poorly understood, but particularly interesting for ITER. Their low mag-
nitude and high frequency in combination with high global confinement and high pedestal
pressure is worth pursuing. But on the other hand, they were only found in highly shaped
plasmas at high collisionality or large edge safety factors [52]. The latter two are considerably
larger than the values expected for ITER.
Type-III
Type-III ELMs are small ELMs, which occur shortly above the L-H power threshold. There-
fore, it is assumed that type-III ELMs are resistive instabilities [50]. Their frequency decreases
with heating power until the so-called ELM free phase is achieved.
2.6 Event summary for an example discharge
In this section, the previous mentioned events throughout a typical plasma discharge will be sum-
marized. Figure 2.4 shows time traces of plasma parameters of an experiment at ASDEX Upgrade,
which was conducted during this work. The phenomena of interest are usually studied during the
plasma current flattop phase (figure 2.4(a)). This is important to have reproducible and reliable
conditions. To identify the various phases, we use the divertor current (figure 2.4(b)). The diver-
tor current reflects the power flux towards the target plates and indicates the L-H transition and
ELMs. At the beginning of the plasma current flattop phase no additional heating was applied
and the plasma was solely heated by the ohmic current (figure 2.4(c)). Thus, the plasma was
still in L-mode. While the core temperature rises, ohmic heating power (POH) depending on the
plasma resistivity decreases. At 2 s, the ECRH power (PECRH) ramp up is initialized. But the
power of the first step was too low to induce the L-H transition. Due to the increase in PECRH ,
POH decreases further. The second power step exceeds the necessary L-H power threshold and
the L-H transition is induced at t = 2.45 s. This is indicated by a sudden drop in the divertor
current (figure 2.4(e)) due to the reduction of particle flux towards the wall. The additional applied
heating power was large enough to overcome the I-phase and type-III ELMs immediately. Hence,
no or a very short type-III ELM phase was observed after the L-H transition and the ELM-free
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H-mode phase is achieved. During this phase (green in figure 2.4), the density (figure 2.4d), and
the temperature were increasing until a critical edge pressure gradient is reached and type-I ELMs
occurred. Note, that the gas fueling remained constant. Type-I ELMs can be easily detected by
spikes in the divertor signal. The subsequent power ramp down leads to type-III ELMs. After a
further reduction, the plasma fell back into L-mode and this is easily detectable by sudden burst
in the divertor current (figure 2.4(f)) due to the collapse of the ETB.
Figure 2.4: Example plasma discharge: (a) Plasma current, (b) divertor current, (c)
ECRH and OH heating power, (d) line integrated density in the edge (blue) and gas fu-
eling rate (red) are shown. Divertor current (e) during L-H transition and (f) during H-L
transition. The shaded areas indicate the various phases: L-mode phase in blue, ELM free
H-mode in green, type-I ELMy H-mode in red and type-III ELMy H-mode in orange.
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The plasma confinement is set by the plasma edge [53], which is the radial area around the LCFS.
This region is only a few centimeters wide. Therefore, it is essential to have diagnostics with
high spatial and also a high temporal resolution, due to the transient behavior of the pedestal.
In principle, one can distinguish between active and passive diagnostics. Active diagnostics use
auxiliary means, e.g. injected electromagnetic waves or a neutral atomic beam, for a more localized
measurement, whereas passive diagnostics measure only the emission produced by the plasma.
In order to combine the various parameters from diagnostics at different poloidal and toroidal
positions, we assume that the kinetic parameters are constant on the flux surfaces. This allows
us to map several plasma parameters on the same flux surface based coordinate system. It is
important to compare various diagnostics, which measure the same plasma parameters, to have an
independent validation of each diagnostic. In the following we will use the normalized poloidal flux




Ψsep −Ψcore , (3.1)
where Ψsep and Ψcore are the poloidal magnetic fluxes at the separatrix and the magnetic axis,
respectively. Therefore, ρpol in the center is equal to 0 and at the separatrix to 1.
The various diagnostics used in this work are shown in figure 3.1. Figure 3.1(left) and (right)
show the poloidal and toroidal projection, respectively. The lithium beam (LIB) diagnostics mea-
sures ne and is located in sector 9, above the mid plane (dark blue in figure 3.1). We will em-
phasize on the lithium beam diagnostics, because it was mainly used in this work. The deuterium
cyanide laser interferometry (DCN) measures a line integrated density (cyan in figure 3.1). The
mid plane manipulator (MEM) is also located in sector 9 and depending on the mounted probe,
measurements of the electron density, electron temperature, radial electric field, etc are possible.
The electron cyclotron emission (ECE) system acquires the electron temperature and the vertical
Thomson scattering (TS) measures electron temperature and density. In the following, the different
diagnostics used in this work will be described.
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Figure 3.1: (left) Poloidal and (right) toroidal projections of the magnetic flux surfaces
and various diagnostics in different colors. Deuterium cyanide laser interferometry (DCN)
in cyan, Lithium beam (LIB) in blue, mid plane manipulator (MEM) in purple, electron
cyclotron emission (ECE) in red with black border and Thomson scattering (TS) in red.
3.1 Lithium beam diagnostics (LIB)
Nowadays, lithium beam diagnostics are routinely used to measure electron density profiles at
several fusion devices [54, 55, 56, 57, 58]. It is based on the interaction between the plasma and
an injected neutral lithium beam. Due to collisions between the lithium atoms and the plasma
particles, excited atomic states (Li(2p, 3s, 3p, 3d, ...)) are populated or the Li atom is ionized. The
strongest populated state is Li(2p), which emits a characteristic spectral line. An optical system
measures the intensity of this characteristic line along the beam in the plasma. From the emission
profile one can calculate the electron density profile. This measurement principle is called lithium
beam impact excitation spectroscopy (Li-IXS) or lithium beam emission spectroscopy (Li-BES).
The experimental setup and the principle of the lithium beam diagnostic will be described in the
following sub sections.
3.1.1 Experimental setup
Figure 3.2 shows a sketch of the experimental setup of the lithium beam (LIB) diagnostic at ASDEX
Upgrade. The source of the lithium is a β-eucryptite emitter, which has a diameter of about 1 cm.
To extract the lithium ions, we heat up the emitter using an alternating current (AC) power of
∼ 200 W. An electric field is used to extract the ions. The emitter is set to a high voltage level,
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which is also the acceleration voltage, and a lower voltage (typically 5 − 7 kV less) is applied to
the closely mounted extraction electrode. This electric field pulls out the lithium ions from the
heated emitter. Furthermore, the extraction electrode is not only used to extract the ions, but also
to focus the beam. Therefore, we have to set the ratio between the acceleration voltage and the
extraction voltage for a well focused beam appropriately (voltage between emitter and extraction
electrode). For this setup the optimized beam focussing is achieved for a ratio of 7 : 1 between
acceleration and extraction voltage. For example, in figure 3.2, the acceleration voltage amounts
to 50 kV, therefore, the extractor electrode voltage is set to 43 kV and the resulting extraction
voltage is 7 kV.
Figure 3.2: Poloidal projections of the experimental setup of the lithium beam diagnostic
at ASDEX Upgrade. The left hand side shows a poloidal cross section of the tokamak and
the plasma. The right hand side shows the lithium injector of the diagnostic.
After the beam is established, accelerated and focused, it passes the so-called puller electrode.
This electrode is particularly important, because its negative voltage prevents secondary electrons
from entering the beam chamber. Without this puller electrode electrons would easily enter the
source and be accelerated, along the beam line, towards the emitter. The resulting impact could
cause damage to the emitter. Beyond the puller electrode, deflection plates are mounted for two
purposes. First, they are used to align the beam and, second, to hop the beam aside the optics
for background subtraction. The chopping system is described in more detail in section 4.1.1.
After focusing and aligning the ion beam, a heated sodium cell neutralizes the ion beam via charge
exchange processes. This is necessary, since, the magnetic field of the tokamak would prevent a
charged beam from penetrating into the plasma. Furthermore, iron and µ-metal shielding of the
beam line is required before the beam is neutralized. This avoids a damage of the turbo molecular
pumps of the LIB diagnostic and an unwanted disturbance of the beam by the strong magnetic
field. The ion source and the various electrodes are shown in the right part of figure 3.2.
The neutral lithium beam is injected from the low field side (LFS). Initially, two optical systems,
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one above and below, observe the spectra along the beam. The upper system is called Li-IXS and its
main purpose is to measure the lithium resonance line Li I (2p→ 2s) at 670.8 nm for electron density
measurements. It has a spatial resolution of 5 mm. An interference filter and photomultiplier (PM)
system is used to measure the line intensity. Initially, the data acquisition (DAQ) had a temporal
resolution of 50 µs. The optical DAQ, inclusive the filter and PM system, is described in more
detail in sections 4.2 and 4.3.
The lower system, lithium beam activated charge exchange spectroscopy (Li-CXS), was designed
to measure the experimental spectra using two Czerny-Turner spectrometers with charge coupled
device (CCD) cameras with a temporal resolution of 4 ms. The purpose of this system was:
• to identify the impurity lines around the Li I (2p→ 2s) line [54].
• to measure other lithium resonance line intensities to validate and improve the collisional
radiative model and its coefficients [59].
• to evaluate the ion temperature from lithium activated charge exchange via the Doppler-
broadening of impurity lines [60].
• to determine the radial electric field from passive helium emission [61].
The Li-CXS system was not extensively used during this work, therefore, the Li-IXS system
and its principle will be mainly described.
3.1.2 Lithium impact excitation spectroscopy or lithium beam emission spec-
troscopy
Li-IXS uses the Li I radiation line from the transition of Li I (2p→ 2s) from excitation due to
collisions of the injected Li atoms with plasma particles. Due to the dependence of the emission
intensity on the plasma density, the evaluation of the density profile is possible. The centerpiece of
the lithium beam diagnostic is the collisional radiative model, which includes the electron impact
excitation, ionization and charge exchange processes. The system of coupled differential equations,
which interrelates the occupation number Ni of the various states (i = 2s, 2p, 3s, ....) is
dNi(z)
dz
= [ne(z)aij(Te(z)) + bij ]Nj(z) (3.2)
Ni(z = 0) = δ1i. (3.3)
The variable z is the coordinate along the beam. z = 0 is the outer plasma boundary. aij(i 6= j)
reflects the rate coefficient of excitation and de-excitation from state j to state i due to collisions.
Ionization and excitation to any other bound state (j > 8) are covered by the coefficient aii. The
spontaneous emission is included via bij [62]. For the implementation of the rate coefficients the
actual beam velocity and the electron temperature are required. The various rate coefficients of the
different collisions are calculated, measured and validated in [59, 63]. The lithium beam diagnostic
is now based on the dependency of the occupation number on the plasma density. The occupation
number N2(z) is linearly related to the measured line intensity of the Li I (2p→ 2s) transition.
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α Li2p→2s(z) = N2(z) ; α = const (3.4)
Note, equation 3.3 is only valid for impurity free plasmas (ne = np). For the inclusion of
impurity collisions, equation 3.2 has to be extended [64]. The electron density can be evaluated
by solving equation 3.2 for given coefficients and occupation numbers. In principle there are two
possibilities to calculate the electron density from the emission profile. First, one calculates the
electron density using an inversion of equation 3.2, shown in [64]. Second, one applies a forward
calculation and calculates the emission profile for a given density and varies the density profile
until the calculated emission profile matches the measured one. Because of its advantages and
its frequent use, the forward calculation method will be mainly used and is described in the next
section.
3.1.3 Probabilistic lithium beam analysis (LIN)
A new probabilistic data analysis method to evaluate the electron density from lithium beam
emission was developed [65]. The previous method rearranges the differential equation [3.2] and
solves it by stepwise integration starting at z = 0. But this method has some drawbacks. First, due
to the inversion singularities can occur. Therefore, the electron density was evaluated up to the
singularity point. Second, the calibration constant α of equation 3.4 has to be determined. This was
either done by using the singularity condition or an inner boundary condition assuming no occupied
ground state for the innermost spatial channel. At low density none of these conditions were fulfilled,
therefore, it was not possible to evaluate the electron density at low plasma densities. Third, to
improve the numerical stability the experimental data were spatially smoothed and temporally
binned prior to the analysis. This resulted in a loss of error information, spatial and temporal
resolution.
To avoid these problems, a new method based on a probabilistic description of the measured
data and a forward model for the simulation of the data from a given density profile was developed.
The idea of the forward simulation is to vary the parametrized (by cubic spline polynomials) density
profile and to calculate the line intensity of Li I (2p→ 2s) by solving equation 3.2 until the best
match with the measured Li I (2p→ 2s) profile within the Bayesian probability theory (BPT) is
found. Equation 3.2 can easily be solved with a variable-order, variable-step Adams method [66]
for any given density profile. The advantages are obvious: No singularity can occur and it is
numerically more stable. Additionally, the proportionality parameter α is included as a fitting
parameter, therefore, a singularity and an inner boundary condition to calculate it, are obsolete.
Furthermore, the probabilistic method has a precise error estimation.
BPT allows us to apply physical conditions and prior knowledge about parameters. Therefore,
prior information about weak constraints on monotonicity is included. Further details of the method
and the application of BPT on the evaluation, e.g. determination of the likelihood, are given in
[65]. Figure 3.3(left) shows a typical electron density profile and the uncertainty along the beam
axis in H-mode using BPT. Figure 3.3(right) shows the corresponding modeled beam intensity, 2p
and 2s occupation density.
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Figure 3.3: (left) Density profile and confidence interval versus beam axis. (right) Cu-
mulated occupation density of the nine energy levels of neutral lithium (the neutral beam
intensity) and the relative occupation densities of the 2p and 2s energy levels. Figures are
adapted from [65].
3.1.4 Calibration and photon statistics
The quality of the LIB measurement is related to the accuracy of the used rate coefficients, the
evaluation method, the calibration procedure and the photon statistics. In this section, the last
two points will be discussed. The following paragraph is a short summary of section 5 in [65]. The
described method is applied to determine the improvement of the photon statistics obtained with
the new optical system (see 4.3.3)
Every optical channel has its own transmission properties, therefore, a careful calibration pro-
cedure is essential to get smooth emission profiles. In ASDEX Upgrade, a deuterium gas puff after
every discharge is used for a relative calibration of each channel. An absolute calibration is not
necessary, because it is already considered via the fitting parameter α from equation 3.4. The
neutral gas pressure p during the calibration amounts to 2× 10−4 < p < 1.5× 10−3 mbar. During
this 1 s long phase the lithium beam is chopped to consider the background signal and the offset.
This is important for the estimation of the photon statistics. In the first estimate, the measured
intensity profile reflects the relative radial transmissivity of the different channels. Because of col-
lisions between the neutral gas and the injected lithium atoms the beam is slightly attenuated and
this is taken into account. Therefore, a correction factor ηi is introduced, which writes
ηi = (1− a zi + b z2i )−1, (3.5)
zi = 0.441(i− 1), (3.6)
a = c3 p− c4 p2 − c5, (3.7)
b = c1 p
c2 , (3.8)
where c1 = 6.8× 10−7, c2 = 1.89, c3 = 0.00105, c4 = 8.0× 10−7 and c5 = 3.0× 10−5. The constants
are estimated from a fit to an analytic gas model of the LIB attenuation. This powerful procedure
allows the channels after every discharge to be calibrated. One should also keep in mind that this
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procedure is independent of the initial beam intensity. If the optical system is not perfectly aligned
and the beam is moving during the discharge, this procedure, however, is inaccurate.
The calibration phase is not only necessary to determine the relative transmissivity, but also to
evaluate the ‘quality’ of each channel. The lithium beam diagnostic is based on measuring the line






where x is the number of measured events and λ is the expected intensity. Our measured signal d
relates linearly to the measured photons x, inclusive an unknown amplification factor ξ and offset
x0
d = ξ(x− x0). (3.10)
The Poisson distribution allows us to evaluate the mean intensity λ from the variance. The like-
lihood of d is a shifted and scaled Poisson distribution, but ξ and x0 are unknown. To estimate
these, we make use of the chopping of the lithium beam. During the beam off and beam on phase,
the offset and the amplification are the same, but λ changes. This gives us an additional set of
equations. For the measured mean mi and measured variance vi during beam off (index 1) and
beam on (index 2), we have
m1,2 = ξ(λ1,2 − x0) v1,2 = ξ2λ1,2. (3.11)
This set of equation allows us to evaluate the
amplification factor ξ =
v1 − v2
m1 −m2 , (3.12)
”real” photon intensity λ1,2 = v1,2/ξ
2, (3.13)
offset x0 = λ1 −m1/ξ2. (3.14)
(3.15)
This is a powerful method, since it allows us to flexibly adjust each channel in terms of am-
plification and offset to the available analog digital converter (ADC) voltage range. Furthermore,
λ is a measure of the quality of each channel. It gives the number of counted photons per time
frame. In 2008, the Li-IXS channels ranges λ1 = 0.2 − 4 (beam off) and λ2 = 1 − 15 (beam on).
In 2012, λ2 amounted only to 0.1− 1.5 due to degradation from neutron impact and various boron
layers from boronization. This photon statistics is then implemented in the error estimation and
allows us to reduce the impact of ‘bad’ channels. In summary, the calibration procedure of the LIB
diagnostic at ASDEX Upgrade allows us to do a relative calibration and estimation of the photon
statistics of each channel for every discharge.
3.1.5 Summary of the lithium beam diagnostic
The lithium beam diagnostic is a well developed and powerful diagnostic to measure electron density
profiles. In principle, the temporal resolution is only limited by the measured photon yield, which
means that microsecond resolved electron density profiles are possible. It can measure instantaneous
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the entire edge electron density profiles along the beam axis in real space. Therefore, no equilibrium
reconstruction for the evaluation is needed. This diagnostic is limited by beam attenuation due
to high density. At densities above 1020 m−3, the attenuation is so strong that reliable density
measurements in the pedestal are not possible. Because of its many advantages the lithium beam
diagnostic operates routinely at ASDEX Upgrade.
3.2 Interferometric density measurement (DCN)
Another powerful diagnostic in ASDEX Upgrade is the interferometric density measurement [67].
It is based on the fact that the refractive index of the plasma depends on the electron density ne
leading to a phase shift of the incident waves. The key element of this diagnostic is a Mach-Zehnder
interferometer. The DCN laser beam is split into two parts. One component is sent through the
plasma and the other one through the vacuum. The difference in the refractive index of the different
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Figure 3.4: Principle of the interferometric density measurement. Figure is adapted from
[67].
The electron density is determined by the phase shift. As shown in equation 3.16 the DCN
measurement is a line integrated density measurement. Hence, it does not only depend on electron
density, it also depends on the beam path through the plasma. The various paths implemented at
ASDEX Upgrade are shown in figure 3.1. The DCN measurement is a very reliable diagnostic to
measure the density.
3.3 Electron cyclotron emission (ECE)
Radiometry of the ECE is a well established measurement for assessing the electron temperature in
fusion devices [68]. It is based on a spectrally resolved measurement of the absolute wave intensity
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I(f) [69]. The frequency f is thereby determined by the electron cyclotron resonance and depends
on the harmonic number l (usually 2), the total magnetic field B and the electron mass me:
f = ω/2pi = l · eB(r)/(2pime) (3.17)
In a tokamak B varies radially (1/R) and thus, the measured frequency can be related to a
radial position. The intensity IBB of a black-body depends only on the source temperature. In the
case of the ECE, the source is the radiation from the electron gyration motion. The black-body





Equations 3.17 and 3.18 are used for the standard evaluation, but the following assumptions
are made:
• The velocity is Maxwellian distributed.
• The plasma is optically thick.
• The frequency shifts due to relativistic and Doppler effects are neglected
The last assumption is not valid at the plasma edge, where the density and the temperature can
be low and the plasma therefore, optically thin. The resulting ‘shine-through’ effect is discussed in
detail and calculated in [70]. Further details of the ECE setup can be found in [69].
3.4 Thomson scattering (TS)
Another method to measure the electron temperature and density is the Thomson scattering. It
is based on the scattering of Nd:YAG lasers (λ = 1064 nm) into the plasma [71]. The charged
particles in the plasma interact with the laser light and radiate as a Hertz dipole. For free charged







Θ is angle between the oscillation axis and the observation position. Because of the mass dependence
in the de-nominator mainly the electrons contribute to the scattered intensity. The movements of
the electrons, due to their temperature, result in a Doppler broadening of the observed intensity.
Thus, one can derive the electron temperature from the Doppler broadening and from the entire
scatter intensity, one can derive the density. Since TS measures both kinetic quantities with the
same optics, it is a useful diagnostic to align the temperature and density profiles from other
diagnostics. Furthermore, one advantage is that TS measures a 10 ns long snapshot of the plasma.
Therefore, there is no time integration in the measurement. Because of the high power and its
deposition, the lasers in ASDEX Upgrade are only able to shoot every 10 ms.
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3.5 Charge exchange recombination spectroscopy (CXRS)
Charge exchange recombination spectroscopy (CXRS) is based on the transfer of an electron from
a neutral atom into an excited state of an impurity ion (equation 3.20). The ion de-excites and
emits its characteristic photon (equation 3.21). The neutral atom usually originates from a neutral
beam, which is injected for heating or diagnostic purposes. In ASDEX Upgrade, neutral beam
heating is used. Therefore, the electron donating atom is deuterium and the observation systems
are aligned along the heating beams [73]. This provides a localized measurement.
H0 +A+q → H+ + (A+(q−1))∗ (3.20)
(A+(q−1))∗ → A+(q−1) + hν (3.21)
From the characteristic line of the impurity ion one can derive the velocity and temperature
of the ions, due to Doppler shift and broadening. Assuming that the impurity ion has the same
temperature and velocity as the main plasma species, one can derive the ion temperature and
plasma rotation. To measure both quantities, Czerny-Turner spectrometers in combination with
charge coupled device (CCD) cameras are used. The recent CXRS upgrade even allows the radial
electric field to be measured [73].
3.6 Integrated data analysis (IDA)
The idea of integrated data analysis (IDA) is to combine various diagnostics, within the frame-
work of Bayesian probability theory, to get a unique set of physical plasma parameters [74]. IDA
combines the analysis of LIB, DCN and optionally TS for electron density profiles, and ECE and
optionally TS for electron temperature measurements. The advantage is that the data combina-
tion delivers consistent and complete density and temperature profiles and furthermore, electron
pressure profiles. Additionally, the various time steps are independent from each other. The dis-
advantage is that the profile reconstruction depends strongly on the equilibrium reconstruction.
Therefore, misalignments of the different diagnostics due to equilibrium uncertainties can lead to
deviations, which are not considered in the error estimation. Thus, it is also planned to implement
the magnetic equilibrium reconstruction.
3.7 Langmuir probes and MEM
Langmuir probes are capable of measuring the electron density, temperature and floating potential.
A Langmuir probe consists of a small tungsten wire, which is in contact with the plasma. The
mentioned quantities can be derived by measuring the current during a voltage sweep [72]. For
example, the ion saturation current, which is observed as saturating while the negative voltage is
still increasing, contains information about the density. Due to its simple setup, Langmuir probes
are extensively used in fusion devices. To measure these quantities at different positions in the
plasma, the probe is mounted on the so-called mid plane manipulator (MEM), which is able to
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plunge the probe into the plasma. To avoid any damage of the probe head, the duration of the
plunge is usually short (100 ms).
3.8 Reflectometry
The Reflectometry system is a powerful diagnostic to measure the electron density [72]. It is based
on the fact that an incident electromagnetic wave with a given frequency is back scattered due
to a cut-off layer. At the plasma frequency ωp =
nee2
me0
, where ne is the electron density and 0
the vacuum permittivity, the electromagnetic waves (E˜ ⊥ B, O-mode) cannot propagate within a
plasma. As a result the wave is reflected back to the antenna. The density of this cut-off layer is
frequency dependent and its position can be calculated from the time delay between the incident
and the back scattered wave. Due to its high sampling rate, the reflectometry system is well suited
to measure electron density fluctuations [75].
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Chapter 4
Improvements of the lithium beam
diagnostics at ASDEX Upgrade
During this work, several improvements have been made. The main motivation for the upgrade was
to enhance the temporal resolution of the LIB diagnostic. This enables transient events like ELMs
and turbulence phenomena to be measured accurately. In this chapter the major improvements are
described.
4.1 New chopping system
(Parts of this section are published in [54])
To subtract the background accurately, a chopping of the lithium beam is necessary. So far,
deflection plates were used to modulate the beam. This system was not optimized for high chopping
frequencies. As a result, the background evolution of fast events, e.g., during ELMs, could not be
treated appropriately. The deflection chopping system was renewed and optimized during the
diploma thesis [76]. Also a second chopping system was built to realize beam modulation via
extraction voltage. The setup of the new chopping was already documented in [76] and therefore,
the description of the chopping system is kept short. The focus will be on the data analysis and
new results.
4.1.1 Setup
In general, there are two possibilities to chop the lithium beam. First, one can vary the voltage
of one deflection plate to hop the beam aside the optics. Second, one can modulate the extraction
voltage to suppress the extraction periodically. The first method was routinely used before and
is commonly used in lithium beam diagnostics at other fusion devices. The deflection chopping
system was modified by using a push pull circuit [77]. The key component of this setup is a high
voltage (HV) MOSFET switch from Behlke [78] (HTS-31-03-GSM), which can modulate up to 3 kV
with a frequency of 40 kHz.
The second chopping system, which modulates the extraction voltage, was used for the first time
for a lithium beam diagnostic. In order to realize chopping via extraction the extractor electrode
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Figure 4.1: This sketch shows the experimental setup of the lithium beam diagnostic
at ASDEX Upgrade. The electrical circuits of the deflection and extraction modulation
system are illustrated. [54]
voltage was modulated between the conventional extraction value (43 kV) and the acceleration
value (50 kV), figure 4.1. The performance of the chopping systems depends strongly on the rising
and falling edges of the beam intensity. Both parameters depend on the product of the resistance
(R) and capacity (C) of the system. Therefore, the lowest possible values for the resistors were
chosen. But the resistance value had to be high enough to limit the currents to avoid damage.
The maximum peak current of the switch for extraction chopping was 60 A. A resistance value
of 1 kΩ for a maximum emitter voltage of 60 kV was calculated. Assuming an intrinsic capacity
of 700 pF, the time constant τ = RC is 0.7 µs. In the case of the deflection chopping system,
even shorter rising and falling edges were achieved. The relatively low modulation voltage allows
resistor values of 49 and 22 Ω. A capacity of 400 pF was assumed, which gives a time constant
of 20 ns. Figure 4.2 compares the rising edges of the two new systems and the old system during
plasma discharges with a long, constant density phase. The data were sampled with a temporal
resolution of 1 µs to evaluate the time evolution of rising edges. Because of the limited resolution
several edges were plotted in one panel. A least square fit of an exponential function was used
to determine the time constant of the three different systems. Figure 4.2(a) and (b) show rising
edges from the new enhanced systems and figure 4.2(c) shows measurements from the old chopping
system. Please note that the x-axis scaling of figure 4.2(c) differs from the other ones by a factor
of 100. The transition speed was improved by about 3 orders of magnitude. Because of these short
transition times, more data points for ne evaluation can be considered more data points for ne
evaluation during the beam on phase.
4.1.2 Experimental spectra
Sources of background emission for the LIB diagnostic are Bremsstrahlung and characteristic line
emission. Bremsstrahlung depends on the electron density, electron temperature and the amount of
impurities. More difficult is the consideration of the characteristic line emission and its contribution
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Figure 4.2: Emission time traces relative to the onset of the rising edges for (a) deflection,
(b) extraction and (c) the old chopping system. Note, a different time scale is used for
(c). [54]
to the background emission. Figure 4.3(a) shows a typical spectrum measured by the Li-CXS system
during a plasma discharge. The wavelength of Li I (2p→ 2s) transition amounts to 670.8 nm.
Because of the lithium injection velocity and the different viewing angles of the two optical systems,
a blue Doppler shifted Li I line was measured by the Li-IXS optics and a red shifted line by the
Li-CXS optics. Figure 4.3(a) illustrates the position of the blue Doppler shifted and the unshifted
Li I line by vertical lines. It also shows the wavelength dependency of the transmission coefficient
of one interference filter. The installed interference filters cover a part of a helium line (He I), which
is rather pronounced directly after a He glow discharge. Beside the He I line the filters also cover
lines of nitrogen (N I, figure 4.3b), argon (Ar II, figure 4.3(c)) and tungsten (W I). A clear increase
of the background signal was observed, when one of these impurities is injected via gas puffing or
laser blow off.
4.1.3 Argon gas injection
As mentioned in the last section, the injected Ar gas increases the background signal, which is
mainly due to the Ar II line emission at 668.4 nm (figure 4.3(c)). Before the ASDEX Upgrade
campaign in 2009, modulation periods of 56 ms for beam on and 24 ms for beam off was used
[65]. In the case of Ar puffing or seeding this is far too slow. Therefore, the beam on and beam
off periods were reduced to 8 ms and 4 ms, respectively, to be able to subtract the background
signal appropriately. The argon injection is visible in figure 4.4 from the evolution of the core
argon concentration, evaluated using a Johann crystal spectrometer which is optimized for the
measurement of He-like (16+) argon resonance lines [79]. Figure 4.4 also shows the trigger signal
for the Li beam modulation and raw signals of three channels (7, 15 and 24), where 7 is situated
in the limiter shadow, 15 in the SOL and 24 within the confinement region. All channels show a
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Figure 4.3: (a) Spectrum of a standard plasma discharge observed with one channel of the
Li-CXS optics (lower optics) in the wavelength range of the Li I line (unshifted, black). The
Li-CXS optics observes a red shifted line and Li-IXS optics a blue shifted line indicated by
a vertical blue line. The transmission coefficient T (λ) of an interference filter of the Li-IXS
optics (upper optics) is also shown. Panels (b) and (c) show the same spectrum during
nitrogen seeding and argon puffing. [54]
sudden rise of the signal, which originates from radiation of the injected Ar gas. The time delay
between the Li-IXS and the Johann crystal spectrometer measurements is due to the different
measured ionization stages and thus to the different radial position of emissivity, the first in the
limiter shadow and SOL, the second around mid radius. This delay is in line with typical argon
transport times observed at ASDEX Upgrade [79].
To study the effect of an inaccurate background subtraction on the ne profile reconstruction, ne
profiles were evaluated for two different cases. All ne profiles were calculated using the probabilistic
lithium beam data analysis [65]. The first case is the default case, in which the median of every
beam off phase was calculated and then linearly interpolated in between (figure 4.5a, red curve).
For the second case, the median of the beam off phases prior and after the Ar injection onset was
calculated. Then, the signal was interpolated in between to simulate a low chopping frequency
(figure 4.5(a), green curve). This second case is comparable to the conventional chopping times of
56 ms vs 24 ms. Figure 4.5(b) shows the reconstructed ne profiles over normalized poloidal flux
surfaces (ρpol) of these two cases. It is observed that the ne evaluation clearly overestimates the
ne in the SOL when an inaccurate background subtraction is used (figure 4.5(b), green curve).
Furthermore, the ne profile is flatter than in reality. Note, this overestimation depends strongly
on the amount of the injected gas. This example shows that one can significantly increase the
measurement accuracy by increasing the chopping frequency. The same situation is given, when
other impurities are injected, e.g., tungsten via laser blow off or nitrogen via gas injection. For all
these impurity injections a sufficiently fast beam modulation is essential.
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Figure 4.4: Time traces (top to bottom): Core Ar concentration, trigger signal of the
beam modulation (TTL high =ˆ beam on) and raw signals of 3 channels of the Li-IXS optics
during an Ar injection. The horizontally dotted lines indicate the mean of the background
signals prior to the Ar injection. [54]
4.1.4 Edge localized modes (ELMs)
In the case of ELMs the situation is even more challenging than for impurity injections. ELMs
occur on a millisecond timescale, which means that one need a beam modulation at least in the
kHz range. One can only achieve such high frequencies by chopping via deflection. A frequency of
2 kHz was chosen, which is fast enough for ELMs and slow enough to obtain sufficient data points
during beam on phases. Figure 4.6 shows the evolution of the background signal during one ELM.
The mean of the ELM free phase was subtracted from the signal. The background signal suddenly
increases after the ELM crash (mainly in outermost channels, #1− 10).
The rise of the background radiation originates from an increased line radiation because of
impact excitation induced by the sudden particle exhaust and an increased Bremsstrahlung. This
radiation depends strongly on the impurity content. To compare ne profiles using kHz modulation
with ne profiles using conventional chopping, the modulation frequency was changed between two
almost identical H-mode discharges (#27088 and #27089). These two discharges were performed
after a short opening, where the impurity content is usually high and the background increased
during an ELM. Figure 4.7 shows time traces of both discharges. During #27088 20 Hz (red) and
during #27089 2 kHz chopping (blue) was applied, which is evident from the trigger signal and the
Li-IXS channels in figure 4.7. The divertor current is used to identify ELM events.
To detect any difference in the observed electron density, two ELMs, one of each discharge,
where heating and line density were similar, were analyzed. Then, ne profiles prior and during
the ELM were evaluated. Figure 4.8(a) and (b) show calculated ne profiles, when using 20 Hz
and 2 kHz modulation, respectively. Almost identical inter ELM profiles are observed, which
was expected. However, the ne profiles at the maximum particle exhaust during the ELM show
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Figure 4.5: (a) Time trace of channel 14 of the Li-IXS optics. The colored lines indicate
the different cases for background subtraction. The vertical bar shows the evaluated time
window (1 ms). (b) Evaluated ne profiles for the different cases of (a). The shaded areas
indicate the uncertainties. [54]
significant differences. First, the 2 kHz chopping profile (figure 4.8(b)) reveals that there is almost
no electron density for ρpol > 1.09. This is not observed when the beam was chopped more slowly.
Second, an ne kink between ρpol of 1.07 and 1.09 is observed, where the ne sharply decreases.
Third, the ne profiles from ρpol = 1.0 to 1.04 seem to remain steeper during the ELM. These
profile features are visible in almost all observed ELMs during this H-mode.
To verify the conclusions from the previous comparison, the data from the 2 kHz modulation
was used to simulate the conventional background subtraction. The median of the chopped beam
before and after the ELM were calculated when the plasma edge was unperturbed. Then, the
interpolation in between was used as input for the ne reconstruction. Figure 4.9(a) shows the two
simulated backgrounds and the corresponding raw signal of channel 11. The evaluated ne profiles
verify the previous results (figure 4.9(b)). Again, an overestimated ne in the SOL and a flatter
profile when using conventional background subtraction is observed.
The steepening of the ne profile between ρpol of 1.07 and 1.09 during the ELM (figure 4.9)
originates from the limiter position relative to the plasma shape. Figure 4.10 illustrates the position
of Li-IXS channels, the limiter contours and flux surfaces from equilibrium reconstruction. The ne
values of the corresponding channels are shown in the small insert. The limiter structure clearly
limits the ne, even in the presence of a sudden particle exhaust caused by an ELM.
Note, during these experiments the impurity content was relatively high and the impact of the
ELMs on the background signal very pronounced. Therefore, the conclusions about the ne in the
SOL and the profile steepness are specifically for these particular conditions. For a lower impurity
content the effect of proper background subtraction is less strong.
4.1.5 Conclusions of the new chopping system
The extraction chopping technique was successfully installed and applied on the ASDEX Upgrade
lithium beam diagnostic. A longer emitter lifetime, a more stable beam with respect to its position
and less sparks are observed. The setup is surprisingly insensitive to sparks because of a carefully
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Figure 4.6: The mean of the ELM free phase is subtracted from the calibrated background
signal of all Li-IXS optics channel during one ELM. ELMs strongly increase the background
signal of the outermost channels of the Li-IXS optics. [54]
designed protection system. In principle, the rising edges and the maximum power dissipation of
the switch would allow a modulation frequency of 1 kHz of the extraction voltage, but the power
supply limits the frequency to 250 Hz. The deflection technique was optimized with a new, fast,
small and robust system. The new chopping systems allow fast transient plasma events (up to
several kHz) with appropriate background subtraction to be resolved. The impact of the improved
background subtraction on the ne reconstruction was analyzed. The electron densities ne in the SOL
is overestimated and ne gradients around the separatrix are underestimated during fast transient
events, e.g. ELMs, when beam chopping is too slow.
Due to its key benefits, the modulation via extraction is used routinely. Deflection chopping is
used, when accurate electron density profiles during ELMs are needed. Especially under conditions
of a high impurity content, an accurate background estimation during ELMs becomes crucial.
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Figure 4.7: Time traces (top to bottom): Divertor current, trigger signal of the beam
modulation (TTL high =ˆ beam on) and raw signal of 3 channels of the Li-IXS optics during
two subsequent discharges (red, #27088 and blue, #27089). [54]
Figure 4.8: (a) ne profiles before and during an ELM using 20 Hz chopping. (b) ne
profiles before and during an ELM using 2 kHz chopping. The shaded areas indicate the
uncertainties. The inserts show the corresponding divertor current and the vertical bars
indicate the evaluated time windows (160 µs). [54]
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Figure 4.9: (a) Time trace of channel 16 of the Li-IXS optics during an ELM. The colored
lines indicate the different cases for background subtraction. The vertical bar indicates the
evaluated time window (160 µs). (b) Evaluated ne profiles for the two cases of (a). The
shaded areas indicate the uncertainties. [54]
Figure 4.10: Position of the limiter (grey) and the measured ne profile (red) over the
channel position of Li beam during an ELM at the maximum particle exhaust. The blue
lines show the position of the normalized flux surfaces. ne is clearly limited by the limiter,
even in the presence of an ELM. The shaded area indicates the uncertainties. [54]
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4.2 New data acquisition system (SIO)
The upgrade of the chopping system improves the background subtraction during transient events
significantly. Although the systematic errors during transients were reduced, the temporal resolu-
tion was still limited by the storage and sampling rate of the existing DAQ system. Therefore, the
DAQ system was upgraded.
Previously, the so called computer-aided measurement and control (CAMAC) system was used
to record the PM-signals. The CAMAC system is limited by a relatively low storage capacity,
which sets a boundary to the sampling rate. To improve the sampling rate, a new DAQ system,
called serial in and output (SIO) [80], was installed, which was designed and manufactured by the
Institut fu¨r Plasmaphysik (IPP). The CAMAC system was set to a sampling rate of 20 kHz for
a restricted time window between 1.5 − 4 s. The rest of the time, the signals were sampled with
10 kHz and after 7 s only with 5 kHz. The newly installed SIO system is able to sample at 200 kHz
during an entire discharge. Furthermore, the SIO ADC card system includes a 2-step preamplifier
circuit and low pass filters are implemented. The frequency of the low pass was set to the Nyquist
frequency of 100 kHz. Although the Li-IXS system was upgraded with a new DAQ with a higher
sampling rate, it was not possible to increase the temporal resolution of reliable electron density
profiles. The temporal resolution is also limited by the amount of measured photons. An increase
in temporal resolution to 5 µs would significantly lower the amount of measured photons per time
frame and therefore, increase the photon noise as well as the uncertainty. The photon statistics






Figure 4.11: New optical head and its lines of sight (LOS) (blue) relative to the LIB
(red). The LOS of the old optical head are also shown (green). The lithium beam injector
is colored in blue.
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4.3 New optical observation system
Due to the limited amount of measured photons, it was decided to build a new optical observation
system with the highest possible photon yield. This allows for an increased temporal resolution and
decreased uncertainty of the electron density profiles. It also enables electron density fluctuations
to be analyzed. In the following, the various parts of the new optical observation system will be
described.
4.3.1 Optical head
In contrast to the old optical systems Li-IXS and Li-CXS, the new system (in the following called
Li-BES) was placed toroidally to the lithium beam. The optical system for the toroidal observation
of the Li-beam was designed by G. Veres. The corresponding holder and shutter was designed by
G. Grunda. To protect the optical system from any additional boron layer from the boronization,
we installed a piezo drive based shutter system. The protecting plate was made out of glass. Hence,
even if the shutter system fails, measurements are still possible.
The ingredients for a high photon flux are a large aperture, a short distance to the LIB and a
large diameter of the optical fiber. A sketch of the optical head in its position in the tokamak is
shown in figure 4.11. This figure also shows the LOS of the new and old Li-IXS system. The new
LOS are much shorter, which results in a higher photon yield. Additionally, the aperture is ∼ 10 cm
and the photons are coupled into 600 µm fibers with a numerical aperture of 0.23. The full width at
half maximum (FWHM) of the lithium beam (LIB) is about 12−15 mm. To cover the whole width
of the beam without suffering in radial resolution (along the LIB) and in photon yield, the system
is anamorphic to be able to image a rectangular volume in a circular fiber core, with different de-
magnifications in x and y direction. Therefore, the image of each channel is elliptical with a radial
length of ∼ 6 mm and ∼ 10 mm perpendicular to the LIB. Figure 4.12 shows the arrangement
and the elliptical shape of the different channels. The blue colored channels are dark due to broken
fibers. For comparison, 4 channels from the Li-IXS optics are indicated by red rectangles. The
elliptic and rectangular images are not only advantageous because of the higher photon yield, but
also due to a lower sensitivity to unwanted beam movements. Unfortunately, it is possible that
the beam moves during a discharge. Therefore, a larger observation window, perpendicular to the
beam, reduces the sensitivity to beam movements. Compared to the old Li-IXS system the radial
resolution of the new system is lower.
As shown in figure 4.12, the new LOS are arranged in 3 rows. The purpose of the middle row
is to measure electron density profiles. The observation system should cover the largest possible
range along the lithium beam. Thus, it was decided to arrange 28 channels in the middle row. For
poloidal velocity measurements and additional electron density fluctuation measurements, one row
with 16 channels was placed above and one below the middle row (shown in figure 4.12).
53
4.3. New optical observation system
4. IMPROVEMENTS OF THE LITHIUM BEAM
DIAGNOSTICS AT ASDEX UPGRADE
!"#$%&'(!)*$'+'"+%,!$-)%.-/!










Figure 4.12: Arrangement of all channels of the new optical head and 4 channels of the
old Li-IXS system for comparison.
4.3.2 Photomultiplier system
A Li-BES system measures the intensity of the Li I (2p→ 2s) line along the LIB. To separate the
Li I wavelength from the background radiation, two approaches are possible: (i) One can spectrally
resolve the Li I (2p→ 2s) photons using a spectrometer and a CCD camera, as shown in figure 4.3.
(ii) Or one can use an interference filter in combination with PMs. Because of the higher temporal
resolution, we decided to use interference filters and PMs. The transmission peak of the new filters
lies at 671.5 nm and the FWHM is 1.5 nm. We chose such broad filters to be flexible, regarding








Figure 4.13: The refurbished PM system: (1) The black case, (2) lens system to parallelize
the beam ray for filtering, (3) the filter holder and the interference filter, (4) one PM, (5)
the µ-metal shielding and (6) a sketch of the beam trace used in this system.
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We adapted the design for the Filter-PMs DAQ system from [81], refurbished it and renewed
the system. Additionally, we installed FC-connectors for the fibers, which provides a higher com-
patibility to other optical systems. The principle of this system is simple: an interference filter
requires incident parallel light. Therefore, one has to place the fiber-end exactly at the focal point
of the first lenses to get parallel rays. After the light passes the filter, it is again focused on the
PMs. In the left top corner of figure 4.13 the light path is illustrated. The usage of the new FC
connectors required slight adaption regarding the position of the lenses. Therefore, we recalculated
the position of the lenses using the ‘Garchinger beam trace code’ [82] and adapted the design to
the new calculations. Accurate manufacturing is essential, because small deviations in the relative
arrangement could lead to an unnecessary loss of photons. Figure 4.13 shows the various compo-
nents of the refurbished system. To avoid reflections or stray light, the optical system is covered in
a black case (figure 4.13(1)). The interference filters (figure 4.13(3)) are oriented perpendicular to
the light path. The poloidal field of the plasma current disturbs the electron cascade of the PMs,
which can lead to variations in the measured intensity or to a different amplification factor. During
the calibration there is no plasma current and hence, differences in the amplifications factors can
lead to systematic errors in the calibration procedure. Therefore, µ-metal shielding was used to
shield each PM.
4.3.3 First measurements of the new optical system
The use of the SIO system for both optical systems allows for comparing them easily. The best
quantitative comparison can be done within the calibration process. The calculation of the cali-
bration factor λ in equation 3.14 gives the photon counts of each channel per time window (5 µs)
during the calibration phase. Table 4.1 shows the λ value of each channel of the new Li-BES and the
old Li-IXS optical system. Evidently, the Li-BES system measures about two orders of magnitude
more photons. Thus, the uncertainty decreases by a factor of 10 with the new optical system. This
means that the temporal resolution can be increased by a factor of 10 without suffering in quality.
The λ factor also helps to identify channels with a low transmission, e.g. channel 17 of the Li-IXS.
This is implemented in the density evaluation and ”bad” channels are weighted less within BPT.
The comparison between the λ factors already showed a significant increase in the measured
photon flux. The higher photon count is also seen in the signal to noise ratio of the emission
signal. Figure 4.14 shows the emission signal of one channel of each optical system at the same
radial position. The green signal in the top frame is the emission signal from the old Li-IXS optics
and the blue in the bottom frame one from the new Li-BES optics. Figure 4.14(left) shows both
signals within a time window of 100 ms. The signal is modulated due to the beam chopping. The
same signal during a 2 ms time window is shown in figure 4.14(right). One can clearly see the
improvement in the signal to noise ratio. Furthermore, the new Li-BES system also underlines the
steep edges due to the new chopping system.
The significant improvement in the amount of counted photons should also be reflected in the
lower uncertainty of the evaluated electron density profile. The higher photon flux reduces the
uncertainty of the emission profile and therefore, increase the accuracy of the evaluated density
profile. Figure 4.15 shows the first evaluated electron density profile from the new Li-BES and
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Table 4.1: Calibration factor λ from equation 3.14 of Li-IXS and Li-BES optics during
calibration phase of #27952. The Li-BES system counts about two orders of magnitude
more photons.
Li-IXS optics Li-BES optics
Channel λ Channel λ Channel λ Channel λ
1: 0.000 19: 0.057 1: 1.66 14: 1.41
2: 0.033 20: 0.054 2: 0.26 15: 1.31
3: 0.058 21: 0.028 3: 1.62 16: 1.09
4: 0.045 22: 0.035 4: 1.72 17: 0.82
5: 0.023 23: 0.023 5: 1.73 18: 1.16
6: 0.033 24: 0.039 6: 1.57 19: 0.95
7: 0.045 25: 0.027 7: 2.55 20: 1.04
8: 0.033 26: 0.042 8: 1.78 21: 2.15
9: 0.062 27: 0.029 9: 1.32 22: 1.44
10: 0.062 28: 0.021 10: 1.55 23: 1.43
11: 0.031 29: 0.023 11: 1.77 24: 0.70
12: 0.054 30: 0.011 12: 0.88 25: 1.87
13: 0.028 31: 0.037 13: 1.44 26: 0.69
14: 0.052 32: 0.019
15: 0.030 33: 0.015
16: 0.032 34: 0.035
17: 0.004 35: 0.028
18: 0.050
the old Li-IXS observation system during L-mode (left) and H-mode (right). The top frame shows
the emission profile of both systems. The scatter in the emission profile of the Li-BES system is
much lower compared to the old system. The solid lines in the top frames are the emission profiles
from the evaluated electron density profiles. The middle frames show the corresponding electron
density profiles. The uncertainties are indicated by color shaded areas. In the bottom row, the
residuals resulting from the Bayesian analysis are shown. In the SOL the residuals are significant
higher, which originates from the low uncertainty due to the good photon statistics and the natural
occurring SOL fluctuations due to the intermittent transport. As shown in figure 4.15, the quality
of the measurements and the electron density profiles significantly increases when using the new
optical system.
Comparisons to other diagnostics are essential to verify each diagnostic. To compare the Li-
BES system with the TS and Reflectometry system, dedicated experiments in which all the density
diagnostics at ASDEX Upgrade did joined measurements. A comparison between the diagnostics
during a steady state L-mode and radial sweep is shown in figure 4.16. The density profiles well
agree within the uncertainty. Only in the pedestal top region the various diagnostics differ slightly.
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Figure 4.14: (left) Comparison between channels of the old Li-IXS (top) and the new
Li-BES system (bottom) at the same radial position during a 100 ms window. (right) The
same during a 2 ms window. The discharge number is #27952.
From this investigation, we can conclude all the available electron density measurements are in
good agreement.
4.4 Summary of the improvements
During this work, the LIB diagnostic was significantly upgraded. Primary enhancements are sum-
marized below:
• The switch process for the beam modulations is now shorter by a factor of 500.
• The sampling rate of the new data acquisition is increased by a factor of 10.
• The number of measured photons is increased by a factor of 100
The improvement of the chopping system was essential for the work described in chapters 5, 6
and 7. The higher modulation frequency allows for a better background corrected density profile
measurements, during the density build-up and much shorter beam-off times. This was important
for the transport analysis in chapter 6 and for the studies of the L-H and H-L transition in chapter
7. The new optical head and the new DAQ allows density fluctuations to be studied (section 8).
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Figure 4.15: Comparison between new Li-BES and old Li-IXS observation system. (left)
Comparison between the systems in L-mode. (right) Comparison between the systems in
H-mode. From top to bottom: Emission profiles (+) and the resulting emission profiles
(solid lines) from the density evaluation, evaluated density profiles using LIN and residuals.
Uncertainties are the colored shaded areas. The time window corresponds to 1 ms.
Figure 4.16: Comparison between the electron density profiles from Li-BES with the new
optical system and the old one, the core and edge TS system and the reflectometry system




the density build-up after the L-H tran-
sition
(Parts of this section are published in [83])
5.1 Motivation
The power threshold for H-mode access increases with density [22] when the density is above the
L-H power threshold (PLH) minimum [30]. The increase in density after the L-H transition can
cause an H-L back transition if the heating power (Pheat) is close to the L-H threshold [84]. The
initial heating power of ITER will be around the L-H threshold for He plasmas and even below
for H2 [21]. During the initial phase, it is not clear if ITER can achieve a sustained H-mode. It
depends strongly on how the pedestal evolves, especially when the heating power is only slightly
above the H-mode threshold. Understanding the density build up and its dependencies is important
to avoid an unwanted back transition. In this chapter, the edge density profile development and
its dependencies after ECRH induced L-H transitions at heating powers slightly above the L-H
threshold will be discussed.
5.2 Density build-up depends on
the available neutral gas reservoir
5.2.1 Experimental setup
The density evolution after the L-H transition has been studied in ASDEX Upgrade using only
ECRH to avoid core particle fueling associated with neutral beam injection (NBI). With no direct
particle input into the core, the density build up following an L-H transition is solely due to
external sources, either neutrals penetrating into the confined region and being ionized or particles
transported from the edge via an inward transport mechanism [85]. The flexible ECRH timing
allows several H-modes to be induced during a single discharge. Figure 5.1 shows time histories of
two typical discharges, which will be discussed in detail later. The plasma current and magnetic
field for these discharges are Ip = 0.8 MA, |Bt| = 2.4 T. The analyzed discharges were run in the
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THE DENSITY BUILD-UP AFTER THE L-H TRANSITION
Figure 5.1: (a) & (b) Divertor current, (c) & (d) Pheat, (e) & (f) D gas fueling and line integrated
density (ne dl) of the edge DCN channel for two discharges (#25438 & #25440) are shown. Red
shaded areas indicate H-mode phases. The H-mode phases of interest are labelled by: Ia, Ib, IIa
and IIb. [83]
lower single null configuration with the ion ∇B drift towards the X-point, which is the favorable
drift direction. The L-H transitions were induced at a line averaged core density (ne) of about
4× 1019 m−3, where PLH is close to its minimum [17]. Therefore, the PECRH was set at 1.2 MW,
which is about 20% above the threshold. The same PECRH was applied several times. To identify
the L-H and H-L transitions the divertor current (figure 5.1(a) and 5.1(b)) was used. The L-
H and H-L transitions are usually detected by a sudden drop and rise in the divertor current,
respectively. The H-mode phases in figure 5.1 are indicated by red shaded areas. As can be seen in
figure 5.1(c) and 5.1(d), each ECRH pulse resulted in an H-mode. The resulting increase in electron
temperature (Te) decreased the POH . Consequently, the total Pheat increased only by about 700 kW.
figure 5.1(e) and 5.1(f) show the line integrated density (ne dl) measured by the edge channel of
the DCN interferometry system [67] and the deuterium gas fueling. The tangential radius of the
edge DCN channel in these discharges was at a normalized poloidal flux radius ρpol (defined in
equation 3.1) of about 0.83. In both discharges the gas fueling was regulated via feedback control
of the core DCN channel. The increasing density after the L-H transition resulted in a closing of
the gas valves after the L-H transition. The experimental setup of the collisionality scan (section
5.3) was similar, but instead of 0.8 MA a plasma current of 1 MA was set. ne was varied between
3 and 5 × 1019 m−3 and PECRH from 1.2 to 2.3 MW in the collisionality scan experiment. In the
density range of the analyzed discharges the divertor in ASDEX Upgrade operates usually in the
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conduction limited regime [86]. The experiments in this chapter were conducted after 2008 and,
therefore, all plasma facing components were covered by tungsten.
The kinetic profiles in this chapter were derived from the IDA, which delivers consistent and
complete density profiles by combining data from the LIB [87] and the DCN diagnostics and Te
profiles from the ECE diagnostic [68] using a Bayesian approach [74]. The profiles were evaluated
with a temporal resolution of 1 ms. The IDA profiles were verified with data from TS, which
was operated with lasers pulsed repeatedly every 12 ms [71]. The ion temperature (Ti) profile
was measured via CXRS using NBI blips at reduced power to avoid significant impact on the
plasma [73].
5.2.2 Same ECRH power and same L-mode density
In this section, the edge density build up after the L-H transitions of the discharges described in
the previous section was analyzed. The H-mode phases discussed here are those labelled by Ia,
Ib, IIa and IIb in figure 5.1. Figure 5.2 shows the time evolution of various plasma parameters
relative to the L-H transition (t = 0 s, marked by vertical black lines) for these phases. The top
frame (figure 5.2(a)) shows the divertor currents, which are not only used to determine the L-H
transition times, but also to identify ELMs. PECRH was the same for all analyzed H-modes (figure
5.2(b)). The decrease of POH after the L-H transition is shown in figure 5.2(c). Figure 5.2(d)
shows time traces of Te measured by the ECE diagnostic at ρpol = 0.95. In all cases Te at the
pedestal top develops similarly. The feedback control ensured similar gas fueling rates prior to
the L-H transition (figure 5.2(e)). After the L-H transitions the gas valves are closed. The gas
fueling was even slightly lowered prior to the L-H transition, due to core density peaking caused
by ECRH [88]. Although the gas fueling, PECRH and Te were nearly the same, differences in the
evolution of density in these H-modes are observed. Figure 5.2(f) shows time traces of the edge
DCN channel. Despite the fact that the final density differed and saturated earlier for cases with
lower L-mode densities, the slope of the initial (∼ 100 ms) H-mode density rise was similar. To
accentuate this, the DCN signal of the case with the lowest density was multiplied by a factor of
1.07 (dotted line in figure 5.2(f)) to compare it with others on the same scale.
Figure 5.2(g) shows the local neutral gas density (n0) [89] in the divertor (below the roof baffle)
measured by manometer gauges, assuming room temperature in the conversion from flux density
measurements. While in the L-mode phases the density was feedback controlled to the same value,
the n0 in the divertor differed significantly. The main reason for the differences in the D inventory
originated from the different history of the preceding L-modes. For instance, the time between
phase Ib, IIb and their previous H-modes was much longer than for IIa, resulting in a relatively low
D inventory in phase IIa. A longer L-mode phase with a high gas fueling rate usually comes with
a higher D inventory until an equilibrium between the gas fueling and the pumping is achieved.
Prior to phase Ia, the current ramp took place, which also led to a different D inventory, compared
to the other phases. A clear connection between n0 in the divertor prior to the L-H transition
and the final H-mode density is seen in the experiments shown in figure 5.2. Despite the large
discrepancies prior to the L-H transitions, n0 is strongly reduced and saturates at nearly the same
levels (∼ 4.0 × 1019 m−3), before ELMs are triggered which can transiently enhance n0. The
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Figure 5.2: (a) Divertor current, (b) PECRH , (c) POH , (d) Te measurements from ECE at ρpol
of 0.95, (e) deuterium gas fueling rate, (f) line integrated density (ne dl) of the edge DCN channel
and (g) gauge measurements of the n0 in the divertor and (h) electron pressure pe relative to the
L-H transition of the phases Ia (red), IIa (green), Ib (black) and IIb (blue). A connection between
n0 prior to the L-H transition and the density after the L-H transition is observed. [83]
resulting different evolution of the electron pressure (pe) profiles (figure 5.2(h)) led to a different
timing of the type-I ELM occurrence for each H-mode phase. With increased n0 and corresponding
increased H-mode density, the first type-I ELM was observed to occur earlier. The vertical lines in
figure 5.2 mark the times of the ELM onsets for the H-mode phases Ia, Ib and IIb, while for IIa
no ELM occurred. The gaps in the pe measurements in figure 5.2(h) originate from the required
chopping of the LIB diagnostics [54].
Figure 5.3 emphasizes that not only do the edge DCN measurements differ, but also the edge
density profiles themselves. The profiles are from the four H-mode phases at three different times,
prior to the L-H transition (figure 5.3(a)), shortly after the L-H transition (figure 5.3(b)) and during
a more developed H-mode phase (figure 5.3(c)). The profiles were evaluated during a time window
of 20 ms. The times given in the figures are relative to the time of the L-H transitions. The solid
lines are smooth curves of the data. Figure 5.3 reveals that the density profiles in L-mode are
almost identical. Shortly after the L-H transition, however, the density profiles start to deviate.
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Then, in the more developed H-mode phase, the discrepancy becomes significant. Not only the
pedestal top density values differ, but also the maximum electron density gradients. Unlike the
density profiles, almost no difference in the Te profiles between these four H-mode phases is seen
(figure 5.3(d)-(f)). The optically thin plasma at the edge (grey shaded area in figure 5.4(b)) can
cause a significant difference between the radiation temperature measured by the ECE diagnostics
and the actual Te at the cold resonance position. Hence, no statement about Te gradients is made,
only about pedestal top values T tope .
Figure 5.3: IDA ne profiles (a) in L-mode, (b) shortly after the L-H transition and (c) in H-mode.
ECE Te profiles (d) in L-mode, (e) shortly after the L-H transition and (f) in H-mode. The colors
indicate the different H-mode phases. The optically thin plasma is indicated by the grey shaded
area. The times given are relative to the L-H transition. Solid lines are smooth curves of the IDA
data. Although the L-mode densities are the same, the H-mode densities evolve differently. [83]
In contrast to the density, which increases strongly after the L-H transition, an effect of the
L-H transition on the temporal evolution of the Te pedestal is not seen. The central ECRH causes
a continuous heat flux towards the pedestal region, therefore Te rises at a steady rate starting with
the onset of the ECRH pulse and the rate of Te increase does not change significantly after the
L-H transition. Even when the edge density saturates due to a consumed D inventory, Te at the
edge rises continuously until the first ELM appears. Te evolves in every H-mode similarly, which
is continuous, despite the difference in the density. One would expect that with the same PECRH ,
but at higher densities, the resulting Te would rise more slowly. In the discharges considered here,
the density profiles diverges not more than 10 %. It is unlikely that this variation in density would
resolvably affect Te. Additionally, small differences in PECRH and POH could also smear the effect.
However, the early saturation of the low density cases led to a slower evolution of the edge pe
or maximum pe gradient. According to the peeling-ballooning theory, a critical pressure gradient is
necessary to destabilize the peeling-ballooning mode in the pedestal region and trigger an ELM [51].
Hence, a delay of the maximum pe gradient leads to a delay of the first ELM with respect to the
L-H transition.
Figure 5.4 shows edge kinetic profiles during a 12 ms time window before each first ELM for
cases Ia, Ib and IIb. Because of the chopping of the LIB diagnostic, no density data shortly before
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the ELM in IIb was available. Therefore, the last available data prior to the ELM within a 12 ms
time window is shown. The case in which no ELM occurred (IIa) is skipped. As observed before, the
density profiles show differences in the maximum gradient and pedestal top values (figure 5.4(a)).
Because of the later ELM occurrence for lower densities, higher T tope at lower densities prior to the
first ELM are seen (figure 5.4(b)). The grey shaded area in figure 5.4(b) indicates the optically
thin plasma at the edge. Unlike the ne and the Te profiles, the pe profiles show about the same
pedestal top values for the phases Ia, Ib and IIb prior to the ELM occurred. Assuming the same
pedestal width, this is in line with a critical pe gradient triggering an ELM [53].
Figure 5.4: Kinetic profiles prior to an ELM for Ia, Ib, and IIb, (a) ne, (b) Te and (c) pe. The
time windows amount to 12 ms. Additionally, ne and Te data from TS are shown. Solid lines are
smooth curves of the IDA data. Even if the ne profiles differ, the pe profiles are quite similar. [83]
5.2.3 Deuterium Inventory
In the previous section it was shown that the density rise in H-mode correlates with the D inventory.
In this section, the contributions to the D inventory is discussed. There are three main origins of
neutral particle source [90, 89]: (i) gas puffing (ii) ion fluxes to the wall which cause a neutral
recycling source and (iii) neutrals leaking from the high density region in the divertor to the main
chamber via by-passes of the vessel structure. These origins are inter-connected and interact with
the edge and SOL plasmas via ionization/recombination processes. Therefore, it is difficult to
quantitatively determine the fraction of each origin. Experiments, which quantify, e.g. recycling,
usually rely on steady state conditions [91]. The experiments discussed here are strongly transient
and changes take place on ms timescales, making a definitive quantification difficult. Nevertheless,
in the following sections, the origins of the source and its contribution to the density build up will
be estimated.
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5.2.4 Neutral gas distribution
From the steady state experiments, it is known that the wall plays a none negligible role in the D
inventory. It acts as a source via recycling of ion fluxes towards the wall and/or via outgassing and
it can act as a pump via gettering until it is saturated. It is known that the poloidal distribution of
n0 in ASDEX Upgrade is always similar [90], independently of the total D inventory. The main part
of the neutral gas is always highly concentrated in the divertor region. In steady state L-mode,
edge density, recycling, and n0 in the divertor are connected to each other [89]. After the L-H
transition the ETB is established and the SOL density decreases. Therefore, the ion fluxes towards
the wall decrease, which results in lower recycling. Furthermore, the plasma acts as a pump and
confines the particles, which are ionized once inside the separatrix. The corresponding rise in ne
also leads to a closing of the fueling valve in H-mode. Due to the closing of valves and the lower
recycling flux, the existing D inventory is the dominant source left to fuel the plasma. Therefore,
there are two primary mechanisms affecting the D inventory: loss due to pumping and loss due
to fueling the plasma edge through ionization. Accordingly, a strong decrease in n0 (figure 5.2(f),
t ∼ 100 ms) was observed, which is accompanied by an increase of the confined plasma density.
An exact determination of the plasma sources is not possible, but the poloidal distribution of the
high neutral density region in the divertor can be assessed from gauge measurements. Figure 5.5(a)
shows the position and the orientation of the various gauges. Almost every gauge measurement
shows a decrease in n0 after L-H transition, which means that the neutral gas inventory is decreasing
during the density build up. Additionally, Dα intensities in the inner and outer divertor and pressure
values of baratron measurements on the mid-plane and in the divertor also decrease (not shown).
The most prominent n0 decrease is seen in the divertor region (F07, F08, F09). Figure 5.5(b) and
5.5(c) show time traces of gauge measurements in H-modes Ia and Ib. These two L-H transitions
were selected, because their parameters exhibited nearly identical initial L-mode densities and
PECRH , but they reached different H-mode densities because of the different D inventory. To
identify where the largest differences between phase Ia and Ib are poloidally located, this difference
was calculated for each gauge prior to the L-H transition (yellow shaded areas in figure 5.5(b) and
5.5(c)). This is shown by the color scaling of figure 5.5(a). The largest differences is observed in
the divertor gauges, e.g. gauge F07, F08, F09 and F20, but only slight differences in the pumping
chamber, e.g. F02, F12 and F16. This suggests that the density build up is set by n0 in the divertor
rather than elsewhere, e.g. the region around gauge F11.
This decrease of n0 in the divertor is even seen in experiments with constant gas fueling. But
after the plasma reaches the ELMy H-mode regime, n0 increases due to the particle exhaust caused
by ELMs [92]. In L-H transition experiments with very low densities (core ne < 2 × 1019 m−3),
this decrease is not seen. This is probably due to the fact that at such low plasma densities the
wall can play a dominant role.
5.2.5 Sinks and Sources
To estimate the contributions to the D source during the density build up, the particle balance of
the H-mode phases from section 5.2.2 were calculated. The ingredients for a particle balance [91]
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Figure 5.5: (a) Poloidal positions of the gauges Fi. The time traces of these gauge measurements
during the onset of the phases Ia and Ib of #25438 are shown in (b) and (c). The color scaling
of (a) is the difference between Ib and Ia of each gauge during the time windows indicated by the
yellow shaded areas in (b) and (c). The vertical black lines indicate the L-H transitions. The largest
differences are seen in the divertor. [83]
are the total number of pumped particles (Npump), injected particles (Nfuel) and the plasma content
derived from a volume integration of IDA ne profiles (Nplasma). Gauge measurements close to the
cryo pump (figure 5.5(a)) were used to calculate Npump. As the wall can act as a source and as a
pump, it is not taken into account in the first estimate. Table 5.1 lists the total number of particles,
which were injected via gas fueling (∆Nfuel), absorbed by the plasma (∆Nplasma) and pumped out
(∆Npump) during the density build up (from just before the L-H transition to 150 ms after the
L-H transition). Remarkably, the fraction of the particles which are pumped out is alway higher
than the gain in plasma content, which identifies the pumping system as the main sink during this
phase. To estimate if the total number of injected particles is sufficient to explain the density build
up, the number of net particles was determined using ∆Nnet = ∆Nfuel −∆Nplasma −∆Npump. As
seen in Table 5.1, this is not the case since ∆Nnet is always found to be negative. Therefore, it is
clear that the neutral gas reservoir in the chamber and/or the wall must act as a source.
The gauge measurements allow us to roughly evaluate the neutral gas content in the vacuum
chamber. Only the divertor region is considered, where the main portion of the neutral gas is
located [90]. Using n0 measured by gauges and the corresponding volumes, it is possible to estimate
the amount of vanished D atoms in the divertor during the build up phase (∆Ndivertor in Table
5.1). It is about 60− 73% (except in phase IIa) of the missing amount from the net balance. One
can assume that the leftover originates from the neutral gas apart from the divertor, e.g. SOL,
and/or from the walls. Only phase IIa is in striking disagreement. There are several reasons for
this. First, the preceding L-mode was too short to achieve the same L-mode density as in phases
Ia, Ib and IIb. The lower L-mode density delayed the closing of the valves after the L-H transition.
Therefore, more particles were injected, which changes the net balance. Second, it occurred at the
beginning of the discharge and in combination with a short L-mode duration, it is believed that
the wall still acted as a pump. This could explain, why more neutral gas is lost than in the other
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H-modes (136%). From this rough estimate, one can conclude that the cryo pump absorbs more
particles than the plasma [91]. The gas fueling is not sufficient to cover the sinks and the neutral
gas density in the divertor becomes the dominant fueling source.
Table 5.1: Tabular overview of the particle balance. Difference between prior to and
150 ms after the L-H transition. All values in units of 1020 atoms.
shot phase ∆Nfuel ∆Nplasma ∆Npump ∆Nnet ∆Ndivertor −∆Ndivertor/∆Nnet
#25438 Ia 1.09 0.89 1.60 −1.56 1.13 73%
#25438 Ib 0.98 1.35 2.23 −2.79 1.66 60%
#25440 IIa 1.55 0.90 1.07 −0.48 0.65 136%
#25440 IIb 1.03 1.31 1.82 −2.25 1.55 69%
5.2.6 ECRH H-mode database
The experiments in section 5.2.1 demonstrated a correlation between n0 in the divertor prior to
the L-H transition and the electron density in the H-mode. To confirm these results over a large
range of plasma parameters all ECRH induced H-modes from 2008 to 2011 were investigated. This
database contains 52 H-modes. No heating system other than ECRH was used, except for short
NBI blips, which were used for diagnostic purposes. PECRH in the database ranges from 0.9 to
2.3 MW. In the majority of the cases central ECRH is applied. The line averaged core density
ne in L-mode varies between 2.8 and 6.2 × 1019 m−3, where ASDEX Upgrade usually operates in
the conduction limited regime [86]. Other global parameters are Bt = 2.3 − 2.9 T, q95 = 3.5 − 5
and Ip = 0.8 − 1.0 MA. The line averaged edge electron density was taken from DCN and n0
from gauge F07 (position is illustrated in figure 5.5(a)) at two time points; one prior to the L-H
transition (12 − 2 ms) and one after the L-H transition (128 − 138 ms). In the majority of the
analyzed cases the gas fueling was controlled via feedback control. Divertor detachment did not
play a role. In only one discharge could a clear detachment in L-mode of the inner divertor be
observed.
Figure 5.6(a) shows edge ne in H-mode versus n0 in the divertor prior to the L-H transition.
A clear relation between the electron density and the neutral gas density is seen, which confirms
the observation from the previous sections. Furthermore, it shows an exponential behavior and
therefore, it saturates at higher densities.
Plasma discharges with a plasma current of 0.8 MA are indicated by circles and 1 MA currents
by rectangles and discharges, with ELMs have filled symbols and without open symbols. Due to
limits in PECRH , the range of the pedestal top T
top
e values is limited. As a result, almost no ELMs
(open symbols) in H-modes during 1 MA discharges for neutral gas densities below 1.1× 1019 m−3
before the L-H transition are observed. The existing D inventory was simply not sufficient to
produce a density gradient, which generates a critical pressure gradient. But this was not the case
for 0.8 MA discharges, in which ELMs occurred (filled symbols), with an even lower D inventory
level. This is in line with the observation that ELMs can occur at lower critical pressure gradients
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Figure 5.6: (a) Line averaged edge electron density ne in H-mode versus neutral gas
density n0 prior to the L-H transition (b) ne versus n0 in H-mode and (c) ne versus n0
prior to the L-H transition. The figures distinguishes between H-modes, where an ELM
(filled symbols) and no ELM (open symbols) occurred and plasma discharges with plasma
current of 0.8 (circle) and 1.0 MA (rectangle). The discharges, described in section 5.2.2,
have red symbols and the ones from the collisionality scan in section 5.3 are green. [83]
for lower plasma currents [69].
Figure 5.6(b) shows ne in H-mode versus n0 in H-mode. Again, ne correlates with n0 in the
divertor. The low density discharges of section 5.2.2, red circles in figure 5.6(b), show a weak
dependence and span a range of ne values at the same n0. Note, n0 in H-mode is always a factor
of 2 lower than in L-mode. The neutral gas density in the divertor in L-mode correlates with the
edge density in L-mode (figure 5.6(c)). This is well known and expected [89, 90]. The slope is less
steep than in figure 5.6(a). This is due to the absence of the ETB and the resulting higher outward
particle flux in L-mode. This also means that the neutral gas density prior to the L-H transition
has a higher influence on the following H-mode than on the L-mode density.
5.3 Density build-up dependence
on the ECRH power
To investigate the dependence of the density build up on PECRH and on possible neoclassical
effects, a collisionality scan was conducted. Six L-H transitions at three different line averaged core
densities in L-mode (#27125, ne ∼ 5×1019 m−3; #27126, 4×1019 m−3; #27129, 3×1019 m−3) were
induced. PECRH was varied between 1.2 and 2.3 MW. The neoclassical collisionality, evaluated at
the pedestal top, ranged from ν∗e ≈ 2.8− 5.5 in L-mode and from ν∗e ≈ 1.3− 5.1 in H-mode, when
using the expression in [93]. To avoid long gaps in the density measurements, i.e. figure 2(h), the
chopping frequency of the lithium beam diagnostics was increased [54].
Figure 5.7 shows the temporal evolution of the density profiles measured by the LIB diagnostic
relative to the L-H transition. The density values in the legend of figure 5.7 refer to the core ne
prior to the L-H transition and the power value is the applied PECRH . The corresponding n0 in
the divertor of each H-mode is shown in figure 5.7(a). Due to the variation of the neutral gas
density, differences in ntope are seen (figure 5.7(b)). Figure 5.7(c) shows the temporal evolution of
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the maximum gradient of the density profiles. The ne profiles were mapped to the mid-plane [94]
and the maximum gradients in real space dnedr were then determined. Remarkably, the maximum
density gradient is very similar during the initial increase (first ∼ 25 ms after the L-H transition),
independently of the applied PECRH , ne or even the D inventory. But after this first build up,
the maximum ne gradients diverge and their saturation levels in H-mode show a dependence on
the D inventory. Figure 5.7(d) shows the normalized density gradient ∇nene at the position of the
maximum gradient. It is commonly accepted that the ∇nene reflects the particle transport [95] and
as expected, its value changes from L-mode to H-mode. But between the different H-mode phases
no significant difference in the development of the normalized gradient in the steep gradient region
is observed. The large scatter in the data originates from the small extension of the pedestal region
(∼ 1.5 cm) [53] and the limited spatial resolution of 5 mm of the LIB diagnostic. Figure 5.7(e)-(g)
shows LIB density profiles, one for each density case, at three different time windows. This plot
emphasizes that a variation in ntope in L-mode density is correlated with different SOL densities.
In H-mode, the same SOL densities are observed, although ntope differs. These results imply that
the saturated H-mode density and its gradient are set by the available D inventory, whereas the
normalized density gradient ∇nene shows no dependence on the D inventory and the applied PECRH .
Figure 5.7: (a) n0 in the divertor (Gauge F07), (b) IDA pedestal top density at ρpol of
0.95, (c) maximum ne gradient and (d) normalized density gradient at the position of the
maximum gradient relative to the L-H transitions (vertical black line at t = 0). The vertical
dotted line indicates the first 25 ms. LIB ne profiles (e) in L-mode, (f) shortly after the
L-H transition and (g) in H-mode. Although the final ne differs, the initial build-up of the
maximum density gradient is the same (first 25 ms). [83]
When analyzing figure 5.7(b) and figure 5.7(c) it becomes clear that the maximum ne gradients
and ntope are the same for the same neutral gas density, independent of PECRH . For example, the H-
mode phases for the high density case (4.7×1019 m−3, red and green points) show the same density
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evolution, although PECRH was varied between 1.2 and 1.7 MW. Within the limited parameter
range of these experiments, the density build up in the initial and final phases do not depend on
the PECRH . Higher PECRH increases Te, which then decreases the resistivity. The lower resistivity
reduces POH , therefore it can compensate the higher PECRH . The resulting net power in these
experiments varied only between 1.0 and 1.4 MW. From these experiments, one can not exclude a
connection between the heating power and density formation. Therefore, new experiment with a







Figure 5.8: (a) ECRH power, (b) neutral flux density in the divertor, (c) edge electron
temperature and (d) line density relative to the L-H transition for H-mode phases with
different ECRH power. The vertical grey shaded areas show the time windows for the
kinetic profiles. ne profile in (e) L-mode and (f) H-mode. Te profile in (g) L-mode and (h)
H-mode. Although the edge electron temperature differs significantly, the electron density
profiles evolve identically.
Figure 5.8 shows measurements to analyze the effect of different electron temperatures on the
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density build-up. The frames of figure 5.8 displays time traces of the 5.8(a) ECRH power, (b)
neutral flux density in the divertor, (c) edge electron temperature and (d) line density relative
to the L-H transition for two types of H-mode phases. In one type, an ECRH power of 3.4 MW
(green and blue) was applied and one time 1.8 MW (red). Because of the same gas fuelling the
neutral flux density in the divertor is the same (figure 5.8(b)). Due to the different heating power,
the electron temperature at the edge differs by a factor of 2 (figure 5.8(c) and (h)). But the edge
density measurements do not indicate any change between these H-mode phases. This is seen in
the line integrated (figure 5.8(d)) and density profile measurements (figure 5.8(e) and (g)).
5.4 Summary
This chapter discusses in detail the development of edge kinetic profiles after L-H transitions, with
emphasis on ne. In the discharges with the same PECRH and L-mode density, Te develops virtually
identically, while saturated H-mode ntope values depend on n0 in the divertor prior to the L-H
transition. Consequently, the first ELM appears earlier for higher ntope . This is in line with a
critical edge gradient, which destabilizes ELMs. The correlation between the density build up and
n0 in the divertor region before the L-H transition was shown in two examples and confirmed using
a database of 52 ECRH induced L-H transitions. The neutral inventory and its contribution to the
density evolution are difficult to characterize as it depends on many parameters, which are often
inter-connected, leaving few independent variables. Despite these large uncertainties a particle
balance shows that the neutral gas in the divertor region plays the dominant role in this density
range. Although the final H-mode density depends on the available D inventory, the initial temporal
development of the maximum density gradient after the L-H transition is similar for a range of ne
from 3.0 to 4.7 × 1019 m−3 and PECRH from 1.2 to 2.3 MW. Pnet varies little (∼ 1.0 − 1.4 MW),
despite the different PECRH . The investigated density build-up could not be influenced by changing
the electron temperature at the pedestal top even by a change of a factor of 2.
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(Parts of this section are submitted to Nuclear Fusion [96])
6.1 Motivation
The H-mode is characterized by a reduction of the outwards directed energy and particle transport
in the edge, which enhances the energy and particle confinement. Thus, this ETB leads to an
increase in temperature and density. A matter of particular interest is, whether the improvement
in particle confinement is caused by a reduction of edge diffusive transport [97] in the ETB and/or
by an inwards directed convective transport in the edge (pinch) [98, 85]. The high edge densities and
temperatures of ITER will significantly reduce the penetration of neutrals originating from external
gas puffing and wall recycling. Therefore, fueling without pellets and solely due to gas puffing
might not be sufficient to achieve the operational density [99, 100]. An inward directed convective
particle transport in the edge would reduce the necessity of a high particle source inside the LCFS.
Although the presence of a particle pinch in the core region towards lower collisionalities [101] is
widely accepted, the existence of a particle pinch at the edge is still unresolved. Particle transport
analyses during steady state conditions do not allow one to separate convective from diffusive
transport. Only the analysis of transient events, like ELMs, gas modulation [102, 103] and L-
H transition [98, 104], enables the role of the particle pinch to be investigated. In this chapter,
the time-dependent density build-up following the L-H transition was investigated to assess the
respective roles of diffusion and convection in the edge. High-precision measurements of the density
profile during the density evolution were compared with predictive-iterative transport modeling,
using the ASTRA code [15]. ASTRA is a 1.5D fluid code, which means that the 2D geometry of
the flux surfaces is taken into account, but the flux-surfaces-averaged quantities are described by a
1D approach. In contrast to previous transport analyses [98, 85], no prior knowledge of the neutral
gas density was assumed. To simplify the modeling, the density rise of only ECRH induced H-mode
phases were analyzed. Extensive parameter scans have been performed, in which the diffusion and
the convective velocity profiles, as well as the neutral gas density were varied until the best match
with the electron density measurements was found.
This chapter is divided into five sections. The experimental setup is introduced in section 6.2.
Then, the modeling procedure is described in section 6.3. The results of the parameter scans
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for one H-mode phase are shown in section 6.4. The sensitivity of the neutral source profile and
various input parameters on the results are discussed in section 6.5. The analysis procedure was
then applied to different H-mode phases (section 6.6). A discussion in section 6.7 follows. The
conclusion and outlook of this chapter is in section 6.8.
6.2 Experimental setup
The experiments were carried out with deuterium plasmas in ASDEX Upgrade [105], which is
a medium-sized tokamak with a major radius of R = 1.65 m and minor radius of a = 0.5 m.
Figure 6.1 shows time traces of the density build-up of an H-mode phase. The global parameters
of this discharge are IP = 1.0 MA and |BT | = 2.4 T. The direction of the ion ∇B drift is towards
the X-point, which is favorable for a low PLH . To avoid an additional particle source within the
confined region e.g. from NBI, the temporal development of the density of an H-mode induced by
ECRH only was analyzed, figure 6.1(a). Figure 6.1(a) also shows the net heating power (Pnet),
defined as PNET = POH + PECRH − dW/dt, where POH is the ohmic heating power, PECRH the
ECRH power and W the stored energy. The heating power was chosen such that Pnet is about 20 %
above PLH to get long ELM-free H-modes. The L-H transition was triggered by the increase of heat
flux from ECRH. The time of the L-H transition can be identified by a sudden drop in the divertor
current (figure 6.1(b)). The resulting ETB led to an increase of the plasma density (figure 6.1(d)),
although the neutral gas flux density Γ in the divertor from gauge manometer measurements and
the gas puffing (figure 6.1(c)) decreased [83]. Feedback control on the line averaged core density
was used to set the gas fueling during this discharge. Thus, the external gas puff valves were
closing after the L-H transition. The density development was analyzed until the first type-I ELM
[49] occurred. The analyzed time range of this discharge is indicated by the green shaded area in
figure 6.1 and its duration is about 465 ms. Additionally, 10 ms short NBI blips with negligible
particle source at reduced power were induced every 100 ms to confirm our assumptions of equal
ion and electron temperatures (Te = Ti, shown in [83] and section 7.2).
Predictive-iterative transport modeling requires accurate and complete electron density profiles.
Hence, the IDA [74] was employed, which delivers complete electron density profiles by combining
the lithium beam diagnostic [65, 54] and the line integrated interferometer diagnostic within the
Bayesian framework. Figure 6.2 shows density profiles with its uncertainties from IDA at the L-H
transition, 100 ms and 300 ms after the L-H transition. This work focuses on the edge of the
confined region and therefore, the lithium beam diagnostic is essential for detailed edge density
profiles. The time resolution of the measurements is 1 ms and IDA evaluates every time step of the
density profile independently of each other. It also delivers electron temperature (Te) profiles from
the electron cyclotron emission diagnostic [70]. In this chapter, Te was only used to determine the
particle source profile.
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Figure 6.1: (a) ECRH power and Pnet, (b) divertor current, (c) neutral gas flux density
in the divertor from gauge manometer and gas fueling and (d) line-integrated density of
the edge and core chord of the interferometer diagnostic for discharge #27126 are shown.
The L-H transition occurred at t = 3.66 s. The green shaded area indicates the modeled
time range.
Figure 6.2: The electron density profiles from IDA are shown at the L-H transition (black),
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6.3 Modeling approach
The purpose of our predictive-iterative modeling was to simulate the entire density evolution for
a given diffusion coefficient, convective velocity and particle source profile. Parameter scans were
employed to vary these profiles and the outcome of the simulation was then compared with the
density measurements. Because of the variation of many parameters, such modeling efforts require
a fast transport code, like ASTRA. Since the ASTRA code does not include any SOL physics, only
the confined region was analyzed and electron density measurements on the LCFS were used as a
boundary condition. In the following, the density build-up after the L-H transition was modeled,
using ASTRA employing only the particle transport equations. The expression for the flux-surface-









= V ′Snet, (6.1)
where V ′ is the volume derivative V ′ = ∂V∂ρpol , n corresponds to the plasma density, Snet to the
particle source and Γ to particle flux depending on the normalized poloidal flux surface coordinate
ρpol and time t. The particle flux Γ reads
Γ = − < (∇ρpol)2 > D ∂n
∂ρpol
+ < (∇ρpol) > v n, (6.2)
where D is the diffusion coefficient and v the convective velocity. Further off-diagonal terms,
like thermo-diffusion, are included in v. A negative convective velocity is referred to as a particle
pinch. The equilibrium, the density profile, its spatial and time derivative can be obtained from the
experiment, whereas D, v and Snet are unknown. To determine these quantities, their profiles were
parametrized and these parameters were varied. For simplification, it was assumed that changes
in D and v during the density build-up are small compared to the change from L- to H-mode due
to the turbulence reduction. Thus, constant transport coefficient profiles were supposed during
the analyzed interval (D(r, t) = D(r) and v(r, t) = v(r)). Also the neutral particle inwards flux
(ΓD0,in(r)) across the separatrix by gas puffing and wall recycling were kept constant (ΓD0,in(r, t) =
ΓD0,in(r)). In the following, the parameterization of the transport profiles and the calculation of
the particle source profile are described.
6.3.1 Diffusion coefficient profile
To parameterize the diffusion profile, a constant core value, called Dcore, was assumed and at the
edge, a reduction in the coefficient profile was introduced with a minimum value at the edge called
Dedge (figure 6.3(a)). The following tanh expression was used for the diffusion coefficient profile:
D(ρpol) = (Dedge −Dcore)× (1 + tanh((ρsym − ρpol)/λ))/2 + Dcore. (6.3)
The position of the symmetry point (ρsym) and the decay of the tanh was chosen such that the
modeled density profiles show the best match with the measured one. The best position of the
symmetry point was found to be at a ρpol = 0.915. The best choice for λ was 1/70. Throughout
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Figure 6.3: (a) Typical input diffusion coefficient profile for ASTRA modeling with vari-
able core and edge values. The neoclassical diffusion coefficient profile is shown in blue.
The diffusive transport is anomalous. (b) Input convective velocity profile estimated from
the ne profile (fixed v/D in the core, explained in section 6.3.2) and a variable edge value.
The neoclassical convective velocity profile is shown in blue.
the entire density evolution, the parameters of the tanh function were kept constant. Dcore was set
to 2.5 m2/s and the reason will be explained in the following sub-section.
6.3.2 Convective velocity profile
Throughout the evolution, the core density exhibited a peaked profile. Peaked core density profiles
are often observed in this collisionality ν∗ range in ASDEX Upgrade [106] and well described by
theory [107, 108]. Since there was no or negligible source in the core, a peaked density profile could
only arise from a particle pinch. Moreover, the increase in the core density could only originate from
an inwards particle flux from a positive density gradient and/or a pinch. Since positive gradients
in the core were not observed (figure 6.2), a fixed v/D ratio between ρpol = 0.0 and 0.85 was
set. A good modeling of the core profile is important to avoid influence of the core density on the
edge modeling. The v/D ratio profile was calculated from the normalized density gradient profile








, assuming zero core particle






core convective velocity profile was then determined by multiplying Dcore with the estimated v/D
ratio. With this approach the core density is well reproduced and assures the required inwards
particle flux into the core region.
The implementation of a fixed core v/D ratio weakens the influence of Dcore on the modeling
of the edge. To limit the number of variable parameters, the Dcore value was fixed to 2.5 m
2/s.
The choice of Dcore does not change the edge results, as long as its variation is less than one
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order of magnitude. For example a Dcore value of 0.05 m
2/s or 50 m2/s would influence the result
significantly, but a variation between 0.75 and 3.5 m2/s does not (not shown). From this range of
core diffusion coefficients one can estimate a core density rising time of 30−160 ms using τD ∼ a22D ,
where a is the minor radius. This is in-line with the measured density evolution shown in figure
6.1(d).
To model an edge pinch, a strong negative increase was implemented in the convective velocity
profile at the edge, which can be set by a variable called vedge (figure 6.2(right)). A similar expression
as for the reduction in diffusion (equation 6.3) was used to parameterize this increase in velocity,
but with the symmetry point at ρpol = 0.94. Only negative values of vedge are assumed.
6.3.3 Particle source profile and equilibrium
Only ECRH induced H-modes with gas puff fuelling in the divertor were studied. Hence, the
neutrals originated solely from gas puffing and wall recycling. The ionization source rate was
calculated for every time step throughout the entire evolution. Due to the divertor geometry and
poloidal asymmetries, it would be useful to employ a 2D code like SOLPS [110] to determine
the source. However, since it was necessary to calculate the particle source for each time step,
such a two-dimensional multi-fluid edge code would be far too time consuming. Furthermore,
the calculation of the ionization source rate requires knowledge of the electron density, electron
temperature and neutral gas density radially and poloidally resolved, which was not available at
ASDEX Upgrade. Therefore, absolute values of the neutral gas density or ionization source had
large uncertainties and it was decided to treat the neutral gas density as a variable parameter. For a
given incoming neutral gas flux, its radial distribution was calculated using the subroutine NEUT,
which is implemented in the ASTRA package. It solves a kinetic equation for a neutral distribution
function in a slab geometry for two incoming neutral delta velocity distributions (‘warm’ and ‘cold’
neutrals), assuming that the slab thickness is twice the minor radius [15]. The ion temperature
was set to be equal to the electron temperature (Ti = Te, demonstrated in [83]) to calculate the
ionization source rate profile using the modeled electron density and measured electron temperature
profiles for given incoming neutral gas densities (n0) at the LCFS with given temperatures. To
asses the quality of NEUT, an existing SOLPS run [111] was taken to compare the choice of input
settings and its outcome of NEUT with the SOLPS calculations. Figure 6.4(a) shows the poloidal
cross sections of the poloidal flux surfaces of ρpol = 0.9 and 1.0, which is the radial range used for
this comparison. The kinetic data and the neutral gas density from SOLPS were averaged over the
poloidal flux surfaces. Then, flux-surface-averaged kinetic profiles were used as an input for the
subroutine NEUT (figure 6.4(b)) and the neutral gas density from NEUT was compared with the
flux-surface-averaged neutral gas density from SOLPS. Figure 6.4(c) shows the calculated neutral
gas density assuming only ‘cold’ neutrals with 3 eV (red) and 6 eV (green) and using 10% ‘warm’
neutrals with 100 eV and 90% ‘cold’ neutrals with 3 eV (blue). One can clearly identify that a
higher neutral temperature allows for a deeper penetration and a larger decay length.
Since a 1.5D code was used, the particle transport is not only influenced by the net ionization
rate profile, but also by the equilibrium. ASTRA provides two equilibrium solvers. The first one
uses a 3-moment (3-M) solver [113] and assumes a plasma configuration with an up-down symmetry.
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Figure 6.4: (a) Poloidal cross-section of ASDEX Upgrade, ρpol surface at 0.9 and 1.0 from
the CLISTE code [112]. The LCFS from the 3-M (red rectangles) and SPIDER (green
stars) equilibrium. (b) Flux-surface-averaged ne and Te profiles from SOLPS modeling
[111] used as an input for NEUT. (c) Neutral gas density profiles (n0) from NEUT with
only 3eV, 6eV and 90%, 3eV&10%, 100eV incoming neutrals. (d) Comparison of the neutral
gas density between NEUT using the two equilibrium solvers and flux-surface-averaged n0
from SOLPS.
It is determined by the minor and major radius, the Grad-Shafranov shift, the triangularity and
the elongation. These parameters can be fitted such that the separatrix shape fits the experimental
equilibrium reconstruction. The other method uses the SPIDER solver [114], which allows for an
arbitrary shape of the equilibrium including an X-point geometry. Figure 6.4(a) shows the LCFS
of the 3-M (red rectangles), SPIDER (green stars) and magnetic equilibrium reconstruction using
the CLISTE code [112] (blue lines). The calculated neutral gas density using the 3-M and SPIDER
solver (only 3 eV ‘cold’ neutrals) are compared with the SOLPS calculations in figure 6.4(d). The
assumption of 3 eV ‘cold’ neutrals in combination with the 3-M solver delivers acceptable results
compared to the SOLPS calculation. The differences between 3-M and SPIDER are insignificant.
As the calculations with a SPIDER solver last about 10 times longer, the 3-M solver was mainly
used. The minor radius, Grad-Shafranov shift, triangularity and elongation were determined from
the equilibrium reconstruction as an input for the 3-M solver. To account for the temporal de-
velopment of these parameters, an equilibrium reconstruction with a temporal resolution of 1 ms
was used. The temperature of the ‘cold’ neutral distribution was set to 3 eV and incoming ‘warm’
neutrals were neglected. The impact of these various assumptions on the modeling results will be
discussed within a sensitivity study in section 6.5.
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6.3.4 Deviation function
Since various variables were varied, it was necessary to conduct extensive parameters scans. A
measure of quality for each run was needed. Hence, a normalized deviation function was introduced
to compare the ASTRA density with the IDA density measurements at the edge (ρpol = 0.85−1.0)
for the whole simulated time interval [t1, t2]:








In this way a higher emphasis is put on the density match closer to the separatrix. The result
of every run corresponds to one value and the smallest values are the best match of the simulation
to the experiment.
6.4 Results
In the following, several hypotheses for the particle ETB were investigated by analyzing the H-
mode phase in figure 6.1. First, the density build-up was analyzed by assuming only a reduction
in diffusive transport at the edge. Second, a parameter scan was preformed by substituting the
diffusive ETB by a strong edge pinch. Third, the density build-up was modeled by combining a
diffusive ETB and an edge pinch. Finally, the particle source was set to zero to estimate an upper
limit for a possible pinch.
6.4.1 Particle ETB in diffusive transport, no edge pinch
In the first parameter scan, a reduction in the particle diffusion coefficient after the L-H transition
and zero edge pinch were assumed. Hence, convection is only present in the core region, see figure
6.3(b). Figure 6.5(a) shows the deviation, defined in equation (6.4), versus Dedge. The dependence
on the neutral gas density at the LCFS is given by the color scaling. Every point corresponds to one
run of the entire density evolution in the time interval described in section 6.2. The lowest values
of the deviation corresponds to the best matches between the modeling and the measurements.
The lower envelope of figure 6.5(a) corresponds to the best results for each Dedge. Obviously,
higher edge diffusion coefficients require a higher neutral gas density for a similar result. The entire
parameter scan exhibits a clear minimum for Dedge = 0.037 m
2/s and an averaged neutral gas
density at the LCFS of 1.6×1016m−3. Since the neoclassical diffusion coefficient is about one order
of magnitude lower (figure 6.3(a)), the edge particle transport in the simulations is still anomalous
in the ETB. The deviation at the minimum amounts to about 3.4% and the corresponding time
traces are shown in figure 6.3(b). Figure 6.3(b) compares time traces between the best run of the
modeling (red solid lines) and the density measurements (black crosses) at three radial positions
(ρpol = 0.95, 0.97 & 0.99) throughout the entire density build-up. The vertical lines indicate the
times for the density profiles in figure 6.3(c) and (d). The comparison shows that the modeling
describes the density build-up well.
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Figure 6.5: Parameter scan assuming only a transport barrier in diffusive transport (zero
edge convective velocity). (a) The deviation (see text) versus edge diffusion coefficient Dedge
for a scan of the neutral gas density at the LCFS (color scaling). (b) Time traces of the
density build-up of the best simulation (red) and measurements (black crosses). (c) & (d)
Density profiles at the times indicated by the vertical lines in (b). The density build-up
can be well described by diffusive transport only.
The simulated density exhibits a pedestal bump in the first 50 ms after the L-H transition.
If diffusive transport dominates a positive density gradient is needed to fuel the core, but this is
not seen in the IDA measurements. According to the ASTRA calculations, the positive density
gradient of the bump is expected to be between ρpol of 0.93 and 0.98. Since IDA combines the line
interferometry measurements with a tangential radius of 0.85 and the lithium beam diagnostics,
this area is barely resolvable. In this region, the lithium beam is attenuated too much and the
line integrated interferometry measurement is not able to resolve such structures. Furthermore,
a fixed v/D ratio in the core was assumed and it was determined from ∇ne/ne. In the area
ρpol = 0.85 − 0.95, ∇ne/ne is almost zero and hence, the v/D ratio as well. A small v/D ratio
there would fade out such a bump and would reduce its amplitude. Then, it would be even more
challenging to resolve such a pedestal bump.
After the initial phase, the evolution of the modeling is well reproduced. This is due to the fact
that a time averaged deviation was evaluated and therefore, the build-up after the initial phase is
weighted strongly. As shown in figure 6.3(d), also the shape of both density profiles matches well.
From this first parameter scan, one can conclude that a barrier in the diffusive transport reflects
the particle transport well.
6.4.2 Particle ETB due to an edge pinch, no barrier in D
Earlier investigations of the density build-up after the L-H transition claim the presence of a
strong pinch rather than a diffusive transport barrier to explain its development [98]. Recent
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Figure 6.6: Parameter scan assuming only a transport barrier by an inward directed
convective velocity (diffusion coefficient radially constant). (a) The deviation versus vedge
for a parameter scan of the neutral gas density at the LCFS (color scaling). The various
input diffusion coefficients are labelled. (b) Time traces of the density build-up of the best
simulation (red) and measurements (black crosses). (c) & (d) Density profiles at the times
indicated by the vertical lines in (b). No run has a deviation below 10 %.
papers [85, 115, 116] also propose a strong inward directed convective velocity, which causes the
transport barrier in the particle transport instead of a change in diffusion. To check the validity
of these findings, a parameter scan was conducted with a radial constant diffusion coefficient and
used a high edge pinch instead of the diffusion barrier as described in section 6.4.1. The varying
parameters were the edge convective velocity vedge (v/D in the core is kept constant), the diffusion
coefficient over the whole radius (Dedge = Dcore) and the neutral gas density at the LCFS. Figure
6.6(a) shows the deviation (equation 6.4) versus vedge. The color scaling corresponds to the neutral
gas density at the LCFS and the various diffusion coefficients (constant in ρpol) are labelled.
Figure 6.6(a) shows the result of this parameter scan, in which vedge, Dcore and n0 were var-
ied. Interestingly, the deviation is high in all simulations and is above 10 %. No matter which
combination is used, in none of them could an edge pinch fully replace a decrease in the diffusion
coefficient profile at the edge. Additionally, the best result could be achieved by a relatively low
diffusion coefficient of 0.1 m2/s, see section 6.4.1. The time traces of the simulation with the lowest
deviation is shown in figure 6.6(b). Figures 6.6(c) and (d) show the respective density profiles at
an early and a later time in the simulation. The reason for the obvious mismatch between the sim-
ulations and the measurements is indicated in figure 6.6(b). The measurements exhibit a decrease
of the separatrix density, which is used as a boundary condition for the modeling. Since a strong
edge pinch links the separatrix density with the pedestal top density, as demonstrated in [117], the
pedestal top density in the simulations also decreases after the initial increase. In contradiction to
these simulations, a continuous increase of the pedestal top density in the measurements, although
the separatrix density decreases, was observed.
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Figure 6.7: (a) Deviation versus edge diffusion coefficient Dedge for two edge pinches
vedge = 0.0 m/s (blue) and −0.5 m/s (red). Color scaling for the neutral gas density is
omitted for better visibility. A small pinch delivers slightly better results. (b) Deviation
versus vedge for Dedge = 0.031m
2/s. The neutral gas density is represented by the color
scaling. The deviation has a pronounced minimum at vedge = −0.5 m/s.
The presence of a strong edge pinch could not be verified. For this case, and for the covered
parameter space, no simulation could reproduce the density build-up reasonably by assuming only
a particle ETB due to an inwards directed convective velocity. This investigation strongly suggests
that the ETB in particle transport requires a reduction in diffusion.
6.4.3 Barrier in D and edge particle pinch
In the previous section, we showed that a diffusive ETB is required to reproduce the density build-
up. However, a combination of reduced diffusion and edge pinch is not excluded. To investigate
the combination of a barrier in the diffusion coefficient D and an edge pinch, Dedge, vedge and the
neutral gas density at the LCFS were varied. For the sake of clarity, only the deviation for two
vedge values is plotted in figure 6.7(a) omitting the color scaling for n0. The blue points correspond
to runs with vedge = 0 m/s and the red points to a value of −0.5 m/s, which is the value yielding
the best result.
An edge pinch of vedge = −0.5 m/s slightly improves the simulation. The best result was
achieved using Dedge = 0.031 m
2/s, vedge = −0.5 m/s and n0 = 1.1 × 1016 m−3, whereas the best
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Figure 6.8: Parameter scan assuming the zero particle source from external gas puffing
and wall recycling. The deviation versus Dedge is plotted. The color scaling corresponds to
the edge convective velocity vedge. A particle pinch of vedge ∼ −5 m/s at an edge diffusion
coefficient of 0.1 m2/s can replace the source.
result with no pinch was Dedge = 0.037 m
2/s and n0 = 1.6× 1016 m−3. For relatively high diffusion
coefficients, the lower envelopes of the deviation of both cases are almost identical, but at low
Dedge the simulation improves with an additional small pinch. For |vedge| > 0.5 m/s the deviation
increases again. This is shown in figure 6.7(b). Again, the color scaling corresponds to n0, but this
time the deviation is shown for a fixed Dedge = 0.031 m
2/s and varying vedge. The parameter scan
exhibits a clear minimum for an edge pinch of vedge = −0.5 m/s. Furthermore, figure 6.7(b) also
underlines that an edge pinch replaces the source. For a lower neutral gas density a higher edge
particle pinch is needed to get similar results within the LCFS.
By adding a small inward directed convective velocity to a diffusive ETB, the simulation could
be improved. However, the enhancement could also be due to the additional degree of freedom vedge.
To pin down whether a pinch of vedge = −0.5 m/s is really present, one would have to distinguish
between flux-surface-averaged neutral gas density of 1.1 and 1.6× 1016 m−3 experimentally.
6.4.4 Upper limit for a particle pinch
The modeling presented in the previous sections shows that an ETB in diffusive transport is re-
quired. Due to experimental uncertainties of the source, it is not possible to confirm or disprove
the existence of a small particle pinch in combination with a diffusive ETB. However, an upper
limit for the pinch was estimated by replacing the source with a particle pinch. Figure 6.8 shows
a parameter scan with variable Dedge and vedge, but n0 = 0 m
−3. Already small edge pinches of
(|vedge| < 10m/s) can fully replace the source. For example, an edge diffusion coefficient of 0.1m2/s
and an edge particle pinch of vedge = −5 m/s delivers fair results. Lower diffusion coefficients need
lower edge pinches to replace the source. From the previous studies, one can assume that edge
diffusion coefficients above 0.1 m2/s are unlikely, therefore, a possible edge pinch between vedge = 0
and −5 m/s could be constrained.
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6.5 Sensitivity studies
Up to now, the simulations indicate a strong dependence of the particle transport on the particle
source. Its distribution was calculated using the subroutine NEUT, which requires a given incoming
neutral gas density and energy distribution. To underline our main statement that a diffusive
transport alone delivers reasonable results, sensitivity studies were conducted. The impact of
changes in the various input parameters for NEUT on the parameter scans was investigated. To
limit the parameter space, vedge was set to zero. In the following, the influence of (i) the neutral
kinetic energy of ‘cold’ neutrals, (ii) the ratio between ‘cold’ (3 eV) and ‘warm’ neutrals (100 eV),
(iii) the impact of the equilibrium on the source and (iv) the length of the analyzed time windows
was analyzed.
6.5.1 Sensitivity to the kinetic energy of incoming ‘cold’ neutrals
In the simulations shown so far only a ‘cold’ neutral distribution was assumed. Furthermore, the
energy of the incoming neutrals was set to the energy of dissociated Franck-Condon neutrals of
3 eV. In the following, this energy was varied and only a diffusive ETB was assumed. Figures
6.9(a) and (b) show the deviation versus the edge diffusion coefficient (Dedge) for energies of 3, 4
and 6 eV. Only the points with the lowest deviation for each Dedge and energy values are plotted.
Figure 6.9(a) shows these points using the color scaling to indicate the neutral gas density.
Figure 6.9(b) shows only the envelope and the line color is used to distinguish between the energy
of neutrals. These results indicate that the deviation or its minimum does not change significantly.
In all cases, the minimum amounts to about 3.4 %. The neutral gas density at the minimum
decreases with increasing neutral energies. This is due to the total inward flux (ΓD0,in) depending
on the neutral gas density (n0) and the square root of the neutral kinetic energy (E0) of the ‘cold’
and ‘warm’ kinetic distribution through the equation (in [m−2s−1]) [15]
ΓD0,in = 4.44× 1024
nwarm0
√







where Aj corresponds to the mass of the species. As the flux impacts on the modeled density
build-up, a higher neutral energy lowers the required neutral gas density to get a similar density
evolution. This first sensitivity scan, supports our conclusion that a diffusive ETB delivers good
results, even if the energy of the neutral gas density changes. The neutral energy influences the
penetration depth (see section 6.3.3), but as long as the neutral flux keeps constant, its impact on
our result is weak. Only the required neutral gas density at the minimum changes. The oscillation
of the envelope of the scan with higher energies originates from the finite step size of the neutral
gas density (n0). The step size of n0 was 0.1 × 1016 m−3 and every ‘local’ corresponds to one n0
value (indicated in figure 6.9(a)).
6.5.2 Sensitivity to the ‘warm’ portion of incoming neutral
Since the actual neutral distribution does not only consist of Frank-Condon neutrals, but also of
neutrals from charge exchange processes, an incoming ‘warm’ neutral distribution was added. In
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Figure 6.9: Sensitivity study for different kinetic energy of incoming ‘cold’ neutrals. Only
the deviation envelope, so the points with the lowest deviation for each Dedge are shown.
(a) Deviation versus Dedge and color scaling for the neutral gas density at the LCFS. Every
‘local’ minimum corresponds to one n0 value. Runs with n0 = 0.9×1016 m−3 are connected
by black lines. (b) Same as (a) but without color scaling and the line color indicates the
different neutral energies.
the following, certain percentages (0, 1, 2.5, 5 and 10 %) of ‘cold’ neutrals were replaced by ‘warm’
ones. The energy of the ‘warm’ neutrals was set to 100 eV, whereas the energy for ‘cold’ neutrals
was not changed (3 eV). Other parameters were not changed. Figures 6.10(a) and (b) show the
result of the parameter scan. The given neutral gas density is the sum of the ‘warm’ and ‘cold’
neutral distribution. The findings are similar to those in the preceding section. The minimum
deviation for almost every case seems to vary between 3−4 %. A higher portion of ‘warm’ neutrals
results in a lower neutral gas density at the deviation minimum. Additionally, the Dedge for the
minimum slightly decreases for a smaller ratio of ‘warm’ neutrals. As previously, one can infer that
the portion of ‘warm’ neutrals has a minor impact as long as the total neutral inward flux is kept
constant.
6.5.3 Equilibrium
As mentioned in section 6.3.3, the ionization source profile does not solely depend on the input
parameters for NEUT, but also on the equilibrium. As seen in equation 6.1, the impact of the
source on the density build-up is not only influenced by the net ionization rate profile, but also by
the volume derivative V ′ and the flux expansion < (∇ρpol)2 >. Therefore, not only ion, electron
and neutral kinetic profiles play a role. As default, a 3-moment solver was used, which calculates an
up-down symmetric equilibrium. But it is also possible to implement a more realistic equilibrium
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Figure 6.10: Sensitivity study for different ratios of incoming ‘cold’ (3 eV) and ‘warm’
(100 eV) neutrals. Only the deviation envelope, so the points with the lowest deviation
for each Dedge are shown. (a) Deviation versus Dedge and color scaling for the neutral gas
density at the LCFS. (b) Same as (a) but without color scaling and the line color indicates
the different portions of ‘warm’ neutrals.
by using measurements of the LCFS as a boundary. This method uses the SPIDER solver and
allows particle transport calculations with an X-point geometry to be performed.
Figures 6.11(a) and (b) show the deviation for the SPIDER and 3-M solver. The SPIDER
solver delivers better results (smaller deviations) than the 3-moment solver, but as shown in figure
6.11, the edge diffusion coefficient and the required neutral gas density at the deviation minimum
do not change.
6.5.4 Analyzed time window
The used deviation, defined in equation 6.4, averages the absolute difference over time. Thus, the
duration of the analyzed time windows might also affect the result. To investigate this, parameters
scans were run with different time windows of 100, 200, 300 and 400 ms and the results are shown
in figure 6.12. This analysis was done without an edge pinch. The red crosses (+) in figure 6.12
correspond to the results of the first 100 ms seconds. Remarkably, the deviation of the initial
phase is always around 0.1 (relatively high) and furthermore, the minimum is not very pronounced
at 0.7 m2/s. In the case of longer time windows, the deviation gets smaller for edge diffusion
coefficients between 0.3 and 0.4 m2/s and the minimum is more accentuated. This indicates that
the initial phase is not well described by our modeling. To underline this statement, the density
build-up within a time window of 300 ms was analyzed without the initial phase (brown diamonds
in figure 6.12). The deviation is smaller and Dedge at the minimum remains in the same range.
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Figure 6.11: Comparison between a parameter scan with a SPIDER (X-point) and 3-M
solver.
Hence, the later phase can be well reproduced by the modeling, suggesting constant transport
properties during this phase. Furthermore, the analysis of the later phase also emphasizes that low
edge diffusion coefficients (< 0.1 m2/s) are required, since the deviation tremendously increases for
higher values. The fact that the late phase can be well described by the modeling and the early
phase not, indicates changing transport properties during the initial phase. This is reasonable,
because it is likely that the edge diffusion coefficient in combination with the particle source also
develops and that our assumption of constant transport properties is not valid during the initial
phase. Therefore, the results in this section show that H-mode phases with a long density build-up
are preferable for this kind of particle analysis, as the weight of the initial phase is reduced.
6.6 Results from different H-mode phases
After a detailed investigation and an extensive sensitivity study of one H-mode phase, our analysis
method was applied to different H-mode phases, which were done within a collisionality scan. The
purpose of this scan was to study a possible effect of the collisionality on the edge particle transport
properties and to demonstrate the applicability of this method. The experimental setup of this
collisionality scan (ν?e ∼ 3.5 − 5.5) is described in [83]. The various H-mode phases, compared to
the one introduced in section 6.2, differ in density and ECRH power. The magnetic field and the
plasma current was not changed. As a result, the normalized collisionality [52] at the pedestal top,
ν?e , was varied between 3.5 and 5.5. As in section 6.4.3, the particle transport of these H-mode
phases was analyzed by varying the edge diffusion coefficient, edge convective velocity and incoming
neutral gas density. As previously, the energy of the incoming neutrals was set to 3 eV. In all H-
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Figure 6.12: Deviation versus Dedge of runs with different analyzed time windows. Only
the lowest deviations are shown. The edge convective velocity is set to zero vedge = 0.0 m/s.
The L-H transition is at t = 3.66 s.
mode phases the density build-up was investigated during a time window of 300 ms. Figure 6.13
shows the minima of all H-mode phases with a small pinch (filled symbols) and without one (open
symbols). The analysis of these H-mode phases confirms the previous observations of: (i) an ETB
in diffusive transport delivers better fits, (ii) the diffusive ETB can not be replaced by a strong
inward directed pinch (not shown) and (iii) a small edge pinch slightly improves the match between
the experiments and simulation results. Although Dedge at the minima and the neutral gas density
slightly changes, a significant tendency could not be observed.
6.7 Discussion
Predictive-interpretative modeling was conducted to analyze the density build-up after the L-H
transition. Parametrized profiles of the diffusion coefficient and the inwards directed convective
velocity were used to perform extensive parameter scans by varying the edge diffusion coefficient
and pinch. In comparison to previous studies [98, 104], a multi fluid 2-D code was not used due to
large uncertainties in kinetic profiles in the SOL and poloidal asymmetries, which determines the
incoming neutral flux. Hence, also the neutral density at the LCFS was kept as a free parameter and
the neutral density profile is then calculated using the implemented subroutine NEUT. Despite the
variety of unknown parameters, a diffusive ETB could reproduce the density build-up very well.
This statement holds even if the energy of the incoming neutrals is changed and therefore, its
distribution. Moreover, the modeling strongly suggests the necessity of a diffusive ETB. Although
the diffusion coefficient is reduced by 1−2 orders of magnitude, its value is still anomalous (Dneo ∼
10−3 m2/s). This points towards the hypothesis that diffusive transport is dominant in the edge
and that a low Dedge and the neutral penetration play a role. This is also supported by the fact
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Figure 6.13: Deviation versus Dedge for a collisionality scan. Only the lowest deviations
are shown. (a) The modeling of all H-mode phase without an edge pinch (open symbols)
and for comparison one modeling with vedge = −0.5 m/s (filled symbols) are shown. (b) All
H-mode phases with edge pinch and one modeling without pinch. A time span of 300 ms is
analyzed. The legend describes the discharge number, the time of the L-H transition (tLH)
and ν?e at the pedestal top at the L-H transition of each H-mode phase. Note, linear scaling
is used.
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that the available neutral gas reservoir sets the density evolution after the L-H transition, although
the separatrix electron density remains constant [83].
Recent studies propose that the density increase in H-mode arises from a strong inward directed
convective velocity [85]. No combination of edge pinch, diffusion coefficients constant in ρpol and
neutral gas density, which delivered satisfying agreement with the measurements could not be found.
A strong pinch relates the separatrix density with the pedestal top density [117]. Since the density
at the separatrix remained constant or decreased, the pedestal top density in the simulation with a
strong pinch decreases as well after the initial increase. Our investigations indicate that a diffusive
ETB cannot be replaced by a strong particle pinch at the edge. Only a time varying edge pinch
would be able to explain the density build-up. But the implementation of time varying transport
terms would expand our parameter space considerably. Furthermore, the edge pinch could also not
substitute the diffusive ETB in the analysis of the later phase of the evolution (skipping the first
40 ms) [118]. During the later phase, the change in the transport terms should be marginal, since
the kinetic profiles change little.
Although the need of a diffusive ETB was inferred, the presence of an edge pinch in combination
with a reduction in diffusion in the edge could not be excluded. Indeed, a diffusive ETB in com-
bination with a small edge pinch (vedge = −0.5 m/s) improves our simulation, but this could also
originate from an increase of the number of fitting parameters. To asses the existence of a pinch for
the analyzed condition in the edge, one has to distinguish between a flux-surface-averaged neutral
gas density at the LCFS of 1.1 and 1.6× 1016 m−3. Since the neutral gas density varies by orders
of magnitude poloidally, it would be very challenging to determine the flux averaged neutral gas
density with such an accuracy. But it was possible to estimate an upper limit of an edge pinch of
vedge = −5 m/s with a maximum edge diffusion coefficient of 0.1 m2/s by assuming zero incoming
neutral flux in the modeling. The estimated range for an edge pinch seems to be small, comparing
to previous studies [98, 85]. In terms of absolute values, e.g. vedge = −0.5 m/s, the velocity value is
small, but in terms of v/D ratio it is about 16 (Dedge = 0.031 m
2/s), which is relatively large. Core
turbulence studies have shown that the v/D ratio in turbulences ranges between 1 and 5 [101, 107]
and our v/D values would be at least a factor 3 higher. But these numbers refer to core parameters
and for the pedestal no conclusive study has been done so far.
Similar experimental studies [98] of the density build-up suggested a constant diffusion coef-
ficient in ρpol and a edge convective velocity of −20 m/s. But they also claimed that they get
acceptable fits by using an edge pinch of vedge = −2 m/s and a diffusion rate at the edge of
0.05 m2/s [98]. Other investigations of the particle transport during the ELM free H-mode agrees
fairly well with our results [103], although interpretative modeling is used [104]. The convective
velocity and diffusion coefficient profiles show qualitatively good agreement (figure 8 in [103]) and
also the rapid decrease in the edge of the diffusion coefficient as well as a ‘small’ edge convective
velocity was observed. Furthermore, the values for the edge diffusion coefficient and the convective
velocity are quite similar.
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6.8 Conclusions
From our investigations of the particle transport during the density build-up after the L-H transi-
tion, the following points can be inferred:
• A reduction in the diffusion coefficient in the edge is needed to explain the density build-up
after the L-H transition.
• This reduction in D cannot be substituted by a strong particle pinch in the edge.
• A combination of diffusive ETB and edge pinch enhances the agreement between measure-
ments and simulation. The best match was found for Dedge = 0.031 m
2/s and vedge =
−0.5 m/s
• Due to the uncertainties in the source, it is not possible to pin down an edge pinch for the
analyzed H-mode phases.
• A range between vedge = 0 and −5 m/s of a possible edge pinch could be estimated.
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Chapter 7
L-H and H-L transitions
(Parts of this section are published in [83] and [119])
7.1 Motivation
Above the power threshold minimum [30], the PLH increases with density [22]. The ETB in particle
transport causes an increase of the density after the L-H transition. This increase in density can
rise PLH , which can lead to an H-L back transition if Pheat is close to the L-H threshold [84].
Recent scalings predict that the initial heating power of ITER will be around the L-H threshold
for D plasmas and even below for H2. In the non-nuclear phase of ITER, a sustain H-mode will
depend on the presence of a hysteresis of the L-H and H-L cycle [40]. Therefore, it is also crucial
to explore the universality of a hysteresis and critical conditions for the H-L transition to prevent
the plasma from an unwanted transitioning back into L-mode. Furthermore, the hysteresis and its
presence provides information about the bifurcation characteristic of the transition mechanism.
7.2 Edge conditions at the L-H and H-L transitions
Figure 7.1: Comparison of Te and Ti in L-mode (a) and H-mode (b) during the discharge
with the lowest density #27129. Te and Ti are in both cases alike. [83]
Recent studies of the L-H transition at low density revealed that the H-mode access occurs at
the same radial electric field profile Er [30] over a wide density range. For this investigation, the
Er was determined from the ion kinetic profiles using neoclassic theory [31]. It was observed [30]
that the minimum of PLH originates from the decoupling of the ion and electron heat channels.
In ASDEX Upgrade, this decoupling is emphasized by dominant electron heating at low densities.
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To continue this study, the discharges described in section 5.3 were analyzed, which provides a
unique opportunity to look not only at the L-H, but also at the H-L transition at different densities
and Pheat. A separation between the electron and the ion channel is expected for densities below
2.5× 1019 m−3 [30], at higher densities Te and Ti are expected to be similar if not identical. These
discharges were done at plasma densities of around 3.5×1019 m−3. To confirm that the assumption
of Te equal to Ti is valid for all of the discharges used in this work, I compare the experimental ion
and electron temperature profiles from the discharge with the lowest electron density (#27129).
Figure 7.1 shows a comparison between measured edge Te and Ti in L- (figure 7.1(a)) and H-mode
(figure 7.1(b)). We do not use data from ECE in optically thin plasmas and hence, no data for
ρpol > 0.95 in L-mode is available, figure 7.1(a). Figure 7.1 shows good agreement between Ti and
Te. This confirms the assumption of Ti = Te, particularly at the pedestal top. As measurements
in regions outside ρpol = 0.95 can be affected by the plasma being optically thin, in the following
the pedestal top values ntope and T
top
e are defined to be at fixed ρpol = 0.95.
Figure 7.2: (a) Divertor current of the L-H transitions (red), (b) divertor current of the
H-L transitions (blue), (c) Te from IDA at ρpol = 0.95, (d) ne from IDA at ρpol = 0.95 and
(e) pe from IDA at ρpol = 0.95. The legend indicates the line averaged core density and the
applied ECRH power. Times are relative to the L-H or H-L transitions. At all L-H and
the H-L transitions similar pe value are observed. [83]
Figure 7.2 shows time traces relative to L-H and H-L transitions. When the L-H transition
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occurs and an ETB is formed, an accompanying decrease in divertor current is observed. In the
case of the H-L transition, the ETB crash causes a sudden increase of the divertor current. The
drop of the divertor current after the L-H transition can be seen in figure 7.2(a) and the abrupt
rise of the current after the H-L transition in figure 7.2(b) is even more pronounced. An additional
trigger mechanism for the transitions, i.e. saw teeth, could not be identified. The remaining frames
of figure 7.2 show time traces of kinetic data at the pedestal top. The temporal evolution of T tope
(figure 7.2(c)) shows that Te is higher at the L-H transition than at the back transition. In contrast
to Te, the pedestal top density n
top
e is lower at the L-H transition than at the H-L transition
(figure 7.2(d)). The data, however, indicate that ptope is the decisive parameter for all L-H and H-L
transitions.
It is commonly accepted that the radial electric field shear causes a de-correlation of turbulent
eddies, which then results in a turbulence reduction [23]. It is believed that this decrease in
turbulence reduces the cross-field transport, resulting in an ETB. Er at the ETB is dominated
by the ∇pin term [31, 120]. If the
∇pi
n term is the decisive parameter, a linear dependence between
ion pressure gradient ∇pi and ion density n at the time of the transition is expected. Assuming
a constant pedestal width at the time of the L-H transition, one also expects a linear relationship
between ptopi and n
top
e at the transition, which was demonstrated in [30]. The effective ion charge
Zeff might change between different densities. But unless there is a gradient in Zeff , Zeff does
not affect ∇pin and one can assume
∇pi
n ∼ ∇pene , if Ti ∼ Te is valid. Therefore, one expects a linear
dependence between ntope and p
top
e at the time of the transition in the density range of the analyzed
discharges. In Fig. 7.2(e) about the same ptope is observed during the transition. But on closer
inspection a slight ne dependence of p
top
e , especially between the different L-H transitions, is seen.
This is illustrated in Fig. 7.3, where ptope versus n
top
e exactly at the time of the transition is shown.
The ptope at the L-H transition depends linearly on n
top
e , whereas p
top
e at the corresponding H-L
































Figure 7.3: ptope versus n
top
e at ρpol = 0.95 exactly at the time of the transition. On closer
inspection a slight ne dependence of pe is seen. [83]
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Each frame shows pedestal top values of two L-H / H-L cycles from a single discharge (Fig. 7.5(a)
#27129, 7.5(b) #27126 and 7.5(c) #27125). The solid lines indicate the pressure value at the
transitions derived from figure 7.2(d). The direction of the L-H / H-L cycle is indicated by arrows.
It is observed that in every cycle, ne is higher at the H-L than at the L-H transition and it is the
opposite for Te .
Figure 7.4: (a) T tope versus n
top
e for the low density (core ne = 3× 1019 m−3) during two
ECRH pulses (b) same as (a) for a core ne of 4× 1019 m−3 density case (c) same as (a) for
4.7 × 1019 m−3. The legend shows the line averaged core density and the applied ECRH
power. The solid lines indicate the mean pressure value at the transitions. ntope at the L-H
transition is alway higher than at the H-L transition. [83]
7.3 Discussion
In the experiments presented here, the L-H as well as the H-L back transitions occur at a similar
pedestal top pressure ptope . In these discharges Ti is equal to Te and one can assume that the
transitions also occur at about the same pedestal top ion pressure (pi). Assuming a constant
pedestal width [53] a critical pressure gradient, which in turn might be related to a critical E×B
shearing rate, can be inferred. These results point towards the fact that the hysteresis might be not
a feature of the edge condition. Further studies have been conducted to study PLH and H-L power
threshold (PHL) [119]. Figure 7.5 shows the net heating power Pnet, defined as Pnet = Pheat−dW/dt,
where Pheat is the applied heating power and W the stored energy, versus the core average density.
To account for different magnetic fields BT , the B
0.8
T dependence of the threshold scaling from
equation 2.2 is used to normalize Pnet to the same magnetic field BT of 2.35 T . PHL shows the
same density dependence as PLH . Only at the so-called high density branch a divergence is seen,
which indicates the presence of a hysteresis. The fact that a low density branch in PLH and PHL is
seen also indicates the importance of the decoupling between Ti and Te at the H-L transition. But
one should keep in mind that in this analysis, the radiated power within in the confined region is
not taken into account.
The kinetic profiles during L-H and H-L show no hysteresis in ptope . Therefore, one can infer a
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see, e.g. [31], possibly due to the reduced coupling at the edge
leading to shallower ion temperature gradients.
3. L–H and H–L transitions
For pedestal electron densities above 2 × 1019 m−3 ions and
electrons are closely coupled at the edge and it is sufficient
to analyse the more readily available electron temperature
profiles (Ti ∼ Te). Discharges were carried out, inducing L–H
transitions with pulses of ECR heating. After switching off
ECR heating, the plasma cools gradually, more suddenly with
an occasional ELM, and eventually falls back into L-mode.
Electron density and temperature profiles were analysed with
high temporal resolution across the transitions into H-mode
as well as back into L-mode. At the H–L back-transition,
the electron edge profiles exhibit about the same pedestal top
pressure as at the L–H transition [22]. Under the assumption
that the radial electric field can be described by neoclassical
theory, these findings lead to the conclusion that a critical value
of background flow shear is also needed to sustain the edge
transport barrier.
With the L–H transition and the H–L back-transition
occurring at the same pressure gradient (flow shear), further
studies were carried out to investigate the often found
hysteresis, i.e. that the H–L back-transition occurs at a different
heating power than the transition into H-mode. The power
hysteresis is an important question for ITER, as the H-mode
will be entered at densities around the minimum in Pthr and
the consecutive increase in density might lead to plasmas
sustained with a heating power well belowPthr, so that an ELM
might lead to an H–L back-transition. One of the reasons for
the observation of a hysteresis could be that the transitions
occurred at different densities. As the particle confinement
improves in an H-mode, the density rises and stays higher
even after the heating power is switched off. Consequently, the
H–L back-transition occurs at a higher density than the L–H
transition. Another reason could be that the power is taken
as the applied power at the moment of the transition which
might be different to the power which crosses the separatrix. In
addition it is often difficult to determine the heat flux across the
separatrix, especially in cases when the H–L back-transition is
the consequence of an ELM.
In figure 2 we have plotted the net heating power, PNET,
at the L–H and H–L transitions. PNET is the usual loss power
defined as PNET = Pheat − dW/dt , where Pheat is the heating
power taking into account all losses andW is the plasma energy
content. To avoid PNET to be dominated by dW /dt , which
can easily happen at the H–L transition, the data have been
limited to (dW/dt)/PNET < 0.6. To account for the somewhat
different BT values (2.5 T–2.2 T) used in these discharges, the
threshold is normalized to the same magnetic fieldBT of 2.35 T,
which builds the bulk of the data, using the B0.8T dependence
of the threshold scaling. The L–H points, which are published
in [20] and [21], clearly indicate ne,min around 4 × 1019 m−3.
The density dependence of the H–L data roughly follows that
of the L–H points. In particular, it should be underlined that
PH–L also clearly increases below ne,min. Exemplarily, six
cases of L–H and H–L transitions belonging to one heat pulse
Figure 2. Normalized heating power PNET versus line-averaged
central density for H–L (red) and L–H (black) transitions.
Ip = 1 MA in all discharges.
are connected in figure 2. The hysteresis is only visible at high
density where PH–L is somewhat lower than PL–H. In the low-
density branch the hysteresis could be masked by the strong
density dependence. In the density range around ne,min, PH–L
is somewhat higher than PL–H which is attributed to higher
radiation losses before the H–L transition compared with the
L–H cases. Subtracting the radiation losses introduces a larger
data scatter which blurs the results, and is therefore not shown.
As we have shown that the increase in Pthr at low densities
is due to the decoupling of electrons and ions, the H–L back-
transition exhibiting the same density dependence as the H–L
transition is yet another indication for the background flow
shear to be the decisive criterion for the transitions in both
directions.
4. Density profile development after the L–H
transition
For densities above the minimum in the Pthr dependence, we
applied pulses of constant ECRH power to achieve a transition
into H-mode and analysed the build-up of the pedestal. Despite
the absence of internal fuelling, the density gradient rises after
the L–H transition at a much higher rate than the temperature
gradient. While the finally achieved density level is determined
by the neutral gas inventory and exhibits varying temporal
behaviour, at a given ECR heating power the edge temperature
rises at the same rate independently of the density evolution.
Since the first ELM (of type-I) occurs at a certain edge pressure
gradient, the instability condition is reached earlier in the case
of higher densities at equal heating powers [22].
In order to study the particle transport, the temporally
well-resolved edge density profiles from the lithium beam
diagnostic coupled with interferometry data [32–34] were used
as an input for predictive transport modelling, with the goal to
determine the relative importance of diffusion and convection.
The transport code ASTRA [35] was used with profiles for the
diffusion coefficient (D) and convection (v), the neutral source
profile was calculated with a boundary condition of the neutral
flux S0 at the separatrix. Te was taken from the experiment.
3
Figure 7.5: Power threshold versus line averaged core density of the L-H (black) and H-L
(red) at a plasma current of 1 MA. Measurements of the same H-mode phase are connected
by lines. Figure is ad pted from [119] (the evaluation was done by F. Ryter).
critical plasma edge parameter is probably needed to sustain the H-mode. The hysteresis in the
power threshold can have several causes:
• The uncertainty in the measured radiated power is rather large. Usually, the radiated power
at the H-L transition is higher than at the L-H transition. This could result in a misinterpre-
tation.
• Less power is needed to keep the critical edge condition because of the better confinement.
• Different ELM types for different densities are observed. Large ELMs at medium density can
trigger an early H-L transition, which can lead to an overestimated PHL.
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Chapter 8
Electron density fluctuations from
the lithium beam emission spectroscopy
(Parts of this section will be submitted to Plasma physics and controlled fusion [121])
8.1 Motivation
The particle and energy transport in fusion devices usually exceeds the neoclassical prediction
by two orders of magnitude. This additional anomalous transport is attributed to the impact
of turbulence. At the L-H transition, the turbulence is suddenly suppressed, which leads to the
formation of a pedestal in temperature and density due to the ETB. To characterize the turbulence
and the kinetic profile behavior, diagnostics are needed, which measure turbulence and profiles.
One diagnostic among others that is capable to deliver simultaneously electron density profiles and
fluctuations is the Li-BES diagnostics. The electron density measurements from Li-BES has been
routinely used on various fusion devices, e.g. JET [55], TEXTOR [122, 87], DIII-D [58], W7-AS [123]
and LHD [124]. Also its capability to measure density fluctuations has been well demonstrated in
[125, 126]. In this chapter, first density fluctuation measurements from Li-BES at ASDEX Upgrade
are presented.
This chapter is divided into 3 section. In the first section, 8.2, a sensitivity study is shown,
which is the basis for a reliable interpretation of the SOL density fluctuations using the Li-BES
diagnostic. In section 8.3, power spectra are shown and compared to other diagnostics. Section 8.4
shows fluctuation level profiles.
8.2 Capabilities and limitations
(This sensitivity study was done by Florian Laggner during his diploma thesis.)
To investigate the reliability of the fluctuation measurements from the Li-BES, a sensitivity
study was performed. A modified tanh fit [8] was used to get an analytical expression for L-mode
density profile of discharge #28689. The beam velocity was 40 keV during this discharge. A
density perturbation was simulated using a Gaussian shape with a FWHM of 2 cm. This density
perturbation was added to the modified tanh density profile and the resulting emission profile
was calculated with and without perturbation. The amplitude δn and the position of the density
perturbation was varied, and for each parameter the emission profile was recalculated. Figure 8.1
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shows the density profile (red) and a perturbation δne/ne of 100% in the SOL (a) and pedestal
top (b). The corresponding emission profiles are also shown (black). The density perturbation in
the SOL is clearly reflected by a perturbation in the emission profile, which has about the same
amplitude as the original ne perturbation (dashed in figure 8.1). Only the position between the
two perturbations is shifted. The additional density perturbation leads to an additional population
of the Li2p state, which then radiatively decays. Because of the finite lifetime of the Li2p state
of about 26 ns, the excited atom travels about 1.5 cm, depending on the beam velocity, until
1/e of the Li2p state is de-populated. Hence, the perturbation in density profile is smeared and
shifted. For the perturbation at the pedestal top, the situation changes. Figure 8.1(b) shows a
100% density perturbation at the pedestal top. A pronounced perturbation in the emission profile
is not seen. The explanation is as follows. Before (right to) the maximum in the emission profile,
the population via electron excitation from the Li2s ground state to the Li2p state is the dominant
process and electron density structures are well reflected by the emission profile. Towards the
maximum the de-population becomes more important and at the maximum this de-population
is equal to the population. After the maximum the de-population plays the dominant role and
the density structures are more reflected by additional decrease of the emission profile. Thus,
the density perturbation is seen by a de-population of the Li2p state to other states than by a
populations of the Li2p state from the Li2s ground state due to the decreasing number of Li atoms
in the Li2s ground state. This explains the decrease in the line emission in the following channels,
left to the perturbation (grey in figure 8.1).
Figure 8.1: Light emission profiles (black) and electron density profiles (red) are shown
with perturbation (dashed) and without perturbation (solid). (left) 100% density perturba-
tion in the SOL and (right) 100% density perturbation at the pedestal top. The separatrix
is at a beam position of ∼ 7 cm.
This study was extended to a parameter scan, in which the position and the amplitude of
the ne perturbation were scanned. For each amplitude and position value, the amplitude of the
emission profile perturbation was calculated. Figure 8.2 shows the normalized amplitude of the
emission perturbation depending on the density perturbation for different positions (color scaling).
This sensitivity study reveals that perturbations in the SOL are well measurable by the Li-BES.
For example, the perturbations in the first centimeters of the beam axis are close to the solid
line, which means the ratio between the normalized emission and density perturbation is about
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one. Towards the plasma core however the sensitivity decreases. In the case around the maximum
(∼ 8 cm), a density perturbation of 10 % causes a fluctuation of only 1 % in the emission profile.
This lowered sensitivity is related to the beam attenuation and a less populated Li2s ground state.
Hence, this insensitivity depends not only on the density, but also on the penetration of the beam.
Since, the density fluctuations in the confined region are typically in the range of δn/n ∼ 10 %
region, it is rather unlikely that the Li-BES can resolve such fluctuations. Furthermore, the fact
that such perturbations after (left to) the maximum are largely smeared in the following channels
decreases the measurement capabilities for fluctuations. For example, two perturbations with









































Figure 8.2: The perturbation study shows the normalized amplitude of the emission per-
turbation (δLi2p/Li2p) depending on the density perturbation (δne/ne) at different positions
(color scaling). The original density is the same as in figure 8.1.
From this sensitivity study one can conclude that density perturbations or fluctuations up (right)
to the maximum can be well localized and resolved by the Li-BES. Below (left to) the maximum the
Li-BES is insensitive to small perturbations. Large perturbations are marginally measurable. This
insensitivity in the pedestal top has also an impact on the density reconstruction. Small deviations
there, e.g. due to inaccurate calibration or non-linearity of photomultipliers, can also result in
artificial structures in the reconstructed density profile. High accuracy of the DAQ, especially for
channels viewing the confined region, is needed to resolve the entire electron density profile. For
small densities the situation improves, since the position of the maximum is deeper in the plasma
with respect to the separatrix.
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8.3 Experimental results
One method to characterize fluctuations is to analyze the frequency spectra of one channel. Since,
the line emission does not only include density fluctuations, but also photon and amplifier noise, one
has to employ an analysis method, which separates the two contributions. Thus, the cross power
















where N corresponds the total number of averaged time windows, x the time trace of the analyzed
channel, y the signal of the neighboring channel and ∗ the complex conjunction. Since the photon
and the amplifier noise of two neighboring channels are not correlated, the phases of incoherent
contributions in the averaged time-windows cancel out and only plasma induced fluctuations should
contribute to the cross power spectra. To get a sufficiently high certainty, we averaged the spectra
within a period of several 100 ms.
To identify corrupt channels, we did small radial plasma displacements of 5 mm (∼ distance
between two channels) during ohmic L-mode discharges. The plasma stays for several 100 ms in
one position, while other plasma parameters, e.g. density, are kept constant. This method allows
us to compare measurements from several channels at the same ρpol position. Figure 8.3 shows
the cross power spectra of 4 radial positions and the corresponding emission profiles. The emission
profiles for the various plasma positions are shown in figure 8.3(a). The green shaded areas indicate
the radial positions for the cross power calculations. Figure 8.3(b)-(e) show the cross power spectra
in ohmic L-mode for beam on (red) and beam off (black) at a ρpol of 1.04, 1.02, 1.00 and 0.98,
respectively. All spectra show that the Li-BES delivers self-consistent data: e.g. in figure 8.3(a),
the 4 different lines corresponds to spectra of 4 different channels, which were measured at the
same ρpol due to the plasma displacements. Different channels show the same feature at the same
ρpol position. Remarkably, all channels in the SOL observe low frequency events f < 8 kHz. In
the confined region, this feature disappears and only events with a frequency lower than 1 kHz in
almost all channels remain. Since these events occur in every channel in the confined region, it is
presumed that these events are an artifact from the SOL due to the beam attenuation. To validate
this assumption (equation 8.1), a digital low-pass filter of 2 kHz to the signals was applied and the
normalized cross-correlation between two reference channels and all other channels was calculated.
Figure 8.4 shows the cross-correlation of one signal from the SOL (figure 8.4(a) and (c)) and one
from the confined region (figure 8.4(b) and (d)) to all other channels. This investigation confirms
our assumption that the channels in the core are also influenced by the SOL via beam attenuation.
The channels below the maximum (ρpol < 0.96) anti-correlate with the ones in the SOL for low
frequency events (f < 2 kHz). The perturbation in the SOL with a positive amplitude is seen by a
negative amplitude below the maximum via the beam attenuation. This is even more pronounced
in L-mode due to the high fluctuation level in the SOL. Furthermore, as seen in figure 8.4(b) and
(c), the cross-correlation between the channels after the maximum (ρpol = 0.90 − 0.98) remain at
about the same level in this area, indicating that almost all channels are influenced by these low
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Figure 8.3: (a) The emission profile for different radial plasma positions are shown. The
green shaded areas indicate the radial range for the analysis. (b)-(e) Cross power spectra
for beam on (red) and beam off (black) at a ρpol of (b) 1.04, (c) 1.02, (d) 1.00 and (e) 0.98
frequency events and no other events in this frequency range took place.
To avoid misinterpretation of the data, comparison with other diagnostics are essential. First,
measurements from Li-BES were compared with reflectometry measurements within the confined
region. Figure 8.5(a) shows a comparison between the auto power spectra from the reflectometry
system and the cross power spectra from Li-BES at about the same radial position during L-mode.
The cross power spectra from Li-BES is much flatter than the reflectometry signal and as shown
previously, the low frequency part is an artifact from the SOL. Hence, the Li-BES diagnostic
does not observe the broad band turbulence characteristic, which can have two reasons. First, the
density fluctuation amplitude is relatively low in the confined region and due to the additional
insensitivity around and below the maximum, it is not detected. Second, since the beam in this
region also measures the history of the previous channels, fluctuation measurements could be biased
by density fluctuations in the SOL. Despite these difficulties, it is still possible to measure large
density mode structures in the pedestal region and even below the maximum. Figure 8.5(b) shows
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Figure 8.4: (a) The cross correlation between the channels is shown (reference channel
is in the SOL). (b) Same as (a) with a reference channel after the maximum. (c) spatio-
temporal correlation function using a reference channel in the SOL. (d) Spatio-temporal
correlation function using a reference channel in the confined region.
the power spectra during H-mode. In the spectral range between 1 and 10 kHz, there is remarkable
agreement of the measured slope of the spectrum (spectral index) with both slopes of the spectrum.
The reflectometry and the Li-BES system detect a quasi-coherent mode at about 50 kHz in the
pedestal region. Although, the Li-BES system is relatively insensitive in the pedestal region, it was
possible to measure a quasi-coherent mode.
From the sensitivity study, it is known that the Li-BES is well suited to measure SOL turbulence.
Previously, low frequency intermittent events with decaying amplitude were shown in figure 8.3. To
validate, if this low frequency feature is not an artifact from the Li-BES diagnostic, a comparison
with Langmuir probe measurements at the mid plane was drawn. Since intermittent events (blobs)
mainly appear in the SOL, the probe measurements from the mid plane manipulator are the best
diagnostic for the comparison. Figure 8.6 shows the cross power spectra from Li-BES and the
auto power spectra from the probe measurements during L-mode and H-mode. The spectra are
normalized to the maximum frequency. During L-mode (figure 8.6(a)), both observe a kink at
∼ 8 kHz and at higher frequencies the amplitude is decaying. This indicates that blobs in the SOL
mainly occur at low frequencies. Also the comparison during the type-III ELMy H-mode (figure
8.6(b)) shows an excellent agreement between the probe and Li-BES spectra. For frequencies
f > 70 kHz the Li-BES spectra exceed the probe spectra due to a high noise level of the Li-BES
system at these frequencies.
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Figure 8.5: (a) The cross power spectra from Li-BES and auto power spectra from reflec-
tometry measurements in the confined region are shown during L-mode. The reflectometry
signal was scaled to the same level. (b) Same as (a) in the confined region during ELM-free
H-mode. Both diagnostics observe the same quasi-coherent mode.
Figure 8.6: (a) The cross power spectra from Li-BES and auto power spectra from probe
measurements at the separatrix are shown during L-mode. (b) Same as (a) in the SOL
during type-III ELMy H-mode.
8.4 Discussion
The capabilities and the limits of the Li-BES system have been shown. The Li-BES system is
not only limited by the amount of measured photons, but also by the beam attenuation. There-
fore, fluctuations studies in the pedestal top region, even for low densities, are challenging. The
sensitivity of the system decreases towards the plasma core. Moreover, fluctuations in the SOL
also influence the measurements in the SOL due to the beam attenuation. The Li-BES system is
well suited to characterize density fluctuation measurements in the SOL. The measurements are
in good agreement with the Langmuir probe measurements. One advantage of the Li-BES is that
it acquires data throughout the entire discharge and is routinely in use during every discharge.
This allows fluctuation profiles for a variety of plasma parameters to be studied. Since the Li-BES
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To characterize the temporal behavior of the plasma edge density during and after the L-H transi-
tion, significant improvements of the diagnostic were required. The following upgrades have been
finalized during this PhD thesis:
• A new chopping system to modulate the lithium beam for accurate background subtraction
was installed. This allowed the chopping frequency to be increased to the kHz range. This
reduced the duration of time, in which the beam is switched off. Furthermore, it increased
the accuracy of the background subtraction and therefore, the electron density profiles during
transient evens like the ELMs or the density build-up after the L-H transition.
• The data acquisition system has been renewed by a new system, which allows for sampling
rates of 200 kHz. This increased the temporal resolution by a factor of 10.
• A new optical observation system with a refurbished photomultiplier system has been installed
to increase the photon yield by two orders of magnitude, thus allowing for greatly improved
edge electron density measurements. In combination with the new data acquisition system
density fluctuation measurements with a temporal resolution of 5 µs were possible.
These improvements were the basis for the investigations and the research of this work. The
enhancements increased the accuracy by reducing the systematic errors (e.g. background) and
the uncertainty due to photon statistics. Furthermore, not only this work benefited from these
upgrades, but also other studies benefited from the higher accuracy of the density profiles. Another
essential part of this work was the design of dedicated plasma discharges. The careful choice of
plasma parameters, set of diagnostics and heating scenarios allowed the L-H, H-L transition and the
corresponding density evolution to be studied. The following studies and results could be achieved
because of the Li-BES upgrades in combination with other diagnostics used at ASDEX Upgrade
and dedicated experiments:
- Experimental investigations of the density build-up after the L-H transition [83]:
The profile development of the edge electron density and its dependences after the L-H tran-
sition have been investigated. Only electron cyclotron resonance heated (ECRH) H-modes
have been analyzed to exclude core particle fueling. While the density gradient in the edge
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transport barrier increases significantly after the L-H transition, the pedestal top tempera-
ture rises continuously with the applied heating power and shows no pronounced change at
the transition. The H-mode density saturates at a level which correlates strongly with the
neutral gas density in the divertor. Although the density build-up varies with the available
deuterium inventory, the initial increase of the edge density gradient is similar. This has been
observed independent of the plasma collisionality (ν∗ ≈ 2.8 − 5.5). Moreover, the density
build-up could not be influenced by the ECRH power, the edge electron temperature. The
temperature at the pedestal top differed by a factor of 2 and no change in the density evolu-
tion could be observed. Although the absolute values were different, ∇Te/Te was the same.
This indicates that the particle transport during the density evolution might depend more on
∇Te/Te rather than on absolute values of Te.
- Particle transport analysis of the density build-up after the L-H transition [96]:
Predictive-iterative modeling has been performed to investigate the role of convective and
diffusive particle transport in the edge during the density build-up after the L-H transition.
For the time-dependent modeling, the 1.5D radial transport code ASTRA has been used.
The convective velocity, diffusion coefficient and the particle source profiles have been param-
eterized. Their parameters were varied until the best match of the modeling to the density
measurements was found. The extensive parameter scans show that the density build-up can
be reproduced by assuming only a diffusive ETB with reduced diffusion coefficient at the
edge with respect to the core values. Moreover, the replacement of the diffusive ETB by a
strong inward directed convective velocity at the edge (edge pinch) does not deliver any satis-
fying results. This indicates that a diffusive ETB is required to explain the density build-up.
However, the addition of an edge pinch to the diffusive ETB barrier slightly enhances the
agreement between modeling and experiment. The best agreement was found with an edge
diffusion coefficient of 0.031 m2/s and an edge convection velocity of −0.5 m/s by setting the
source to zero. Because of the large uncertainties in the source, it is not possible to pin down
the exact value for the additional edge pinch. It was possible to estimate an upper limit for
a possible edge convection velocity of −5 m/s. These findings could also be confirmed by
analyzing H-mode phases of a collisionality scan, in which the normalized collisionality ν∗
varied from 3.5 to 5.5 at the pedestal top.
For the future, one can investigate if a change in ∇Te/Te, ∇q/q and collisionality ν? allows for
identifying a possible pinch in combination with a diffusive ETB. The experimental challenges
are that one can hardly influence ∇Te/Te in the edge and that a change of q via the plasma
current also changes the stability boundary of ELMs, which then varies the duration of the
ELM-free H-mode. Thus, a comparison between H-mode phases with different plasma current
is challenging. Another approach to study the convective and diffusive particle transport, in
comparison to the research presented here, is to modulate the gas puffing. Furthermore, the
determination of the neutral source is still an open issue. A Dα diagnostic in combination
with electron density and temperature diagnostics in the divertor, e.g. He gas puff, should
enable the neutrals source to be estimated.
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- Kinetic profiles during L-H and H-L transitions [83]:
The analysis of electron density and temperature profiles reveals that L-H and H-L transitions
occur at similar pedestal top pressures, but the pedestal top densities are always higher at the
time of the H-L back transition. The fact that both transitions occur at the same pedestal
top pressure indicates that the hysteresis of the L-H and H-L cycle might not be a feature of
the edge condition. The presence of a low and high density branch in the power threshold
of the L-H and H-L transition points towards the important role of the main ions during the
transitions. Due to the uncertainties in the radiated power, the existence of a hysteresis in
the power threshold is less certain.
Further studies with a better consideration of the radiated power should be employed. Not
only the power threshold, but also the ion and electron heat flux throughout the L-H and
H-L transition should be investigated to characterize the bifurcation mechanism at different
plasma conditions. Moreover, the determination of critical conditions for the H-L transition
should be explored over a wider range of plasma parameters. An unwanted H-L transition
during the current ramp down could be a critical issue for ITER.
- Density fluctuations using Li-BES [121]:
The initial density fluctuation studies have shown that fluctuation studies in the pedestal
top region, even for low densities, are very challenging. Furthermore, Li-BES measurements
in the pedestal region are influenced by the SOL turbulence via beam attenuation. These
studies also showed that the Li-BES system is well suited to characterize density fluctuation
measurements in the SOL.
Since the Li-BES is routinely in use during every discharge, it is a powerful diagnostic to
characterize intermittent events, like blobs. One can determine the blob size and width over
a wide range of plasma parameters and comparisons to theoretical models are feasible. The
3 rows of the new optical observation system allows for measuring poloidal velocity profiles.
Further extensions of the DAQ, e.g. avalanche photo diode (APD) camera, are planned and
needed to enable these measurements.
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ADC analog digital converter
APD avalanche photo diode
ASDEX Upgrade axial symmetric divertor experiment upgrade
ASTRA automated system for transport analysis
BPT Bayesian probability theory
CAMAC computer-aided measurement and control
CCD charge coupled device
CXRS charge exchange recombination spectroscopy
DAQ data acquisition
DCN deuterium cyanide laser interferometry
DW drift waves
ECE electron cyclotron emission
ECRH electron cyclotron resonance heating
ELM edge localized mode
ETB edge transport barrier
ETG electron temperature gradient
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FWHM full width at half maximum
H-mode high confinement mode
HV high voltage
IDA integrated data analysis
IPP Institut fu¨r Plasmaphysik
I-phase intermediate phase
ITER Latin for ”the way”
ITG ion temperature gradient
JET Joint European Tokamak
L-mode low confinement mode
LCFS last closed flux surface
LIB lithium beam
Li-BES lithium beam emission spectroscopy
Li-CXS lithium beam activated charge exchange spectroscopy
Li-IXS lithium beam impact excitation spectroscopy
LFS low field side
LOS lines of sight
MEM mid plane manipulator
MHD magnetohydrodynamics
n0 neutral gas density
ne electron density









PLH L-H power threshold
PHL H-L power threshold
POH ohmic heating power
SIO serial in and output
SOL scrape off layer
Te electron temperature
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